Star polymers are comprised of multiple arms or branches radiating from a central point or core and have been of huge scientific interest since they were first prepared sixty years ago, as a result of their unique physical properties. Star polymers are not just an academic curiosity, but are currently employed or under investigation in a wide range of industries and commercial materials ranging from engine oils and coating technologies to contact lenses and biomedical devices. Although there are many different types of star polymers and methods for their synthesis, recent advances in the field of controlled radical polymerisation have enabled the facile production of complex star polymer architectures from a large range of monomer families, without the requirement of highly stringent reaction conditions. In particular, well-defined, nanometre scale core cross-linked star (CCS) polymers, which are readily accessible by controlled radical polymerisation techniques, have been increasingly prominent in the scientific literature. As a result, this feature article provides a comprehensive review covering the development, functionalisation, physical properties and application of core cross-linked star polymers prepared by controlled radical polymerisation and the arm-first approach.
Introduction
The development of controlled polymerisation techniques initiated by the seminal studies of Szwarc [1] has enabled polymer scientists to prepare a wide variety of complex macromolecular architectures with well-defined molecular weights, structural and compositional homogeneity [2] . In particular, star polymers with three-dimensional (3D) globular structures have long been studied for their unique properties, which facilitate their application to advanced materials. The preparation of star polymers via controlled polymerisation techniques can be divided into three general synthetic methods: (i) The 'core-first' approach ('from-approach'), in which a multifunctional initiator is employed to simultaneously initiate the polymerisation of vinylic monomers, thus forming the arms of the star polymer (Scheme 1a). (ii) The 'arm-first' approach involves the reaction of a living macroinitiator (MI) (or macromonomer (MM)), the arm, with a difunctional (or higher) vinylic cross-linker to form a densely cross-linked core from which the arms radiate (Scheme 1b). Whereas the cross-linking of MMs or preformed micelles with core isolated vinyl groups can be regarded as a 'through-approach', the cross-linking of MIs with cross-linkers is complicated by the fact that multiple mechanisms can occur simultaneously (vide infra). For example, the cross-linking of block copolymers with pendent vinyl groups (formed from the reaction of MIs with cross-linkers) can be considered as a 'through-approach', whereas the attack of an active MI with the pendent vinyl groups on a preformed star could be regarded as a 'to-approach'. Thus the formation of star polymers from MIs and cross-linkers is a combination of both to-and through-approaches. (iii) The third method, namely the 'grafting to-approach', can be considered as a combination of controlled polymerisation and coupling reactions; initially, a well-defined polymer, the arm, is prepared via controlled polymerisation and coupled to a multifunctional linking agent that acts as the core (Scheme 1c). However, it should be noted that for arms prepared by controlled radical polymerisation (CRP) it is generally necessary to appropriately modify the active terminal group to enable coupling with the multifunctional linking agent.
Although the three synthetic methods mentioned above are all well established and can be conducted using a variety of controlled polymerisation techniques, they have various advantages and disadvantages, which make them suited to the preparation of particular types of stars. For example, the core-first approach
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three-dimensional h 0 zero-shear viscosity f eff effective volume fraction a activity coefficient AA acrylic acid AIBN 2,2 0 -azobis(2-methylpropionitrile) AFM atomic force microscopy ATRP atom transfer radical polymerisation ATRP (Cu) copper mediated ATRP ATRP (Ru) ruthenium mediated ATRP n-BA 2-vinylpyridine WF (arms) weight fraction of arms in the CCS polymer X (CL) fractional conversion of cross-linker X (MI) fractional conversion of MI to CCS polymer allows for the preparation of well-defined star polymers with a precise number of arms, which can be controlled by the number of initiating functions present on the multifunctional initiator, provided that the initiating sites are of equal reactivity and the rate of initiation is higher than the rate of propagation. Perhaps the most beneficial aspects of this approach are the very high yields and the ease with which the pure star polymer can be isolated, given that the crude reaction mixture only requires separation of any unreacted monomers. However, this approach is not wellsuited to the preparation of miktoarm stars unless specially designed multifunctional initiators with orthogonal initiating functions are employed. Similarly, the preparation of stars with high arm number (>30) requires the synthesis of complex and highly functionalised initiators. Furthermore, the molecular weight of the arms cannot be measured directly, although the number of arms can be indirectly determined via several methods, including end-group analysis, determination of branching parameters and isolation of the arms after cleavage. Another drawback that applies when CRP methods are employed for the core-first approach is the need for special precautions to prevent star-star coupling. In comparison, it is significantly more difficult to obtain well-defined stars via the arm-first approach even though the degree of polymerisation (DP) of the arms can be well-controlled as they are synthesised independently, the number of arms incorporated into the stars is influenced by many parameters and the stars invariably possess broad arm number distributions. In addition, incomplete conversion of the MI or MM to star leads to the need for lengthy fractional precipitation or dialysis protocols. However, the arm-first approach is unique in that you can produce stars with very large numbers of arms (>100) with relative ease and the stars possess a significantly sized cross-linked core (relative to the overall molecular weight of the macromolecule) into which functionality can be readily incorporated. These large cores have a high capacity that renders this type of star ideal for site specific isolation. The arm-first approach also enables the facile preparation of miktoarm stars via both the 'in-out' and the 'multi-macroinitiator' methods (vide infra). The grafting to-approach for the preparation of stars offers the greatest degree of control over the final macromolecular architecture as both the synthesis of the arms and the core can be conducted in a very precise manner, and the number of arms is controlled by the functionality of the multifunctional linking agent provided that the coupling reaction is quantitative. However, very long reaction times and an excess of arms are often required to obtain quantitative conversion, leading to need for lengthy purification procedures. Furthermore, it is exceedingly difficult to produce stars with a large number of arms (>20) as steric congestion about the core hinders the coupling reaction and leads to incomplete grafting even at very long reaction times. Like the arm-first approach, the grafting to-approach provides a facile way to prepare miktoarm stars through the application of several chemically different arms with identical and complementary functionality through which it can couple to the multifunctional linking agent. All of the approaches discussed are capable of yielding peripheral, arm and core functionalised stars, although the arm-first approach stands-out for its ability to afford stars with large, highly functionalised cores with unique micro-environments generated by their cross-linked nature. Although the star polymers prepared via the aforementioned methods adopt similar globular or spherical conformations dependent on the arm size, number and composition, it is evident that the core structures are considerably different. Whereas star polymers prepared using multifunctional coupling agents and discrete multifunctional initiators possess cores of negligible molecular weight relative to the macromolecule, star polymers prepared by the arm-first approach have cores which typically account for 10-30% of the polymers' molecular weight. A further distinguishing feature of star polymers prepared via the arm-first approach is the densely cross-linked structure of the core, which lacks the mobility associated with hyperbranched cores present in star polymers prepared from hyperbranched or dendritic multifunctional initiators via the core-first approach. Thus, it seems necessary to disambiguate star polymers prepared via the arm-first approach from other star polymers. Therefore, this class of star polymer will be referred to as 'core cross-linked star (CCS) polymers' as this term better represents the macromolecular architecture, although, in the literature they have also been referred to as star polymers, star microgels, star-like microgels, star nanogels, core-shell stars, nanoparticles and core cross-linked micelles. In addition to this classification, it is also possible to divide CCS polymers into two further sub-categories, namely symmetrical and asymmetrical. Whereas symmetrical CCS polymers are comprised of identical arms, asymmetry is introduced when arms of different molecular weights, chemical compositions or topologies are incorporated into the same macromolecule.
The successful preparation of CCS polymers was first reported by Zilliox et al. in 1968 [3] and involved the anionic polymerisation of living polystyrene (PSt) with divinylbenzene (DVB) (Scheme 2). This was followed up some years later in the mid 1980s by the preparation of CCS polymers comprised of poly(methyl methacrylate) (PMMA) arms and poly(ethylene glycol dimethacrylate) (PEGDMA) cores [4] by group transfer polymerisation (GTP) (Scheme 2) [5] . It was not until the 1990s that the majority of other controlled polymerisation techniques were exploited for the synthesis of CCS polymers. In 1991, Bazan and Schrock demonstrated that ring-opening metathesis polymerisation (ROMP) of norbornene followed by cross-linking with a norbornadiene dimer formed CCS polymers with quantitative conversion of the living arms (Scheme 2) [6] . In that same year, Kanaoka et al. employed cationic polymerisation to prepare CCS polymers in high yield via the cross-linking of living poly(isobutyl vinyl ether) with divinyl ether cross-linkers (Scheme 2) [7] . The introduction of CRP techniques [8-10] that have enabled the production of high molecular weight and low polydispersity polymers from a large range of monomer families and under less stringent reaction conditions dawned in a new era for polymer synthesis. Shortly after their advent, the potential of the CRP techniques of nitroxide mediated polymerisation (NMP) and atom transfer radical polymerisation (ATRP) for the preparation of CCS polymers (Scheme 2) was realised, with patents being filed for both processes by Solomon and co-workers in 1997 [11] and 1999 [12] , respectively. Similarly, the application of reversible addition-fragmentation chain transfer (RAFT) polymerisation for the synthesis of CCS polymers was patented in 1999 [12] and 2000 [13] , and demonstrated in 2003 (Scheme 2) [14] , albeit the polymers formed possessed very broad polydispersities, highlighting issues associated with the chain transfer mechanism of the RAFT approach [15] . Most recently, Wiltshire and Qiao have employed ring-opening polymerisation of lactones to prepare fully degradable CCS polymers [16] with arms and core derived from 3-caprolactone and the bislactone, 4,4 0 -bioxepanyl-7,7 0 -dione, respectively (Scheme 2).
Another, less direct, but equally valid method that leads to the formation of 3D polymeric nanostructures that closely resemble CCS polymers involves the core cross-linking and covalent stabilisation of self-assembled core-shell micelles [17, 18] , which can be regarded as a 'through-approach'. Although CRP techniques have been used for cross-linking of micelle cores, predominantly other types of cross-linking mechanisms (e.g. free radical reactions [19] , g-irradiation [20] , cold-vulcanization [21] , photoinitiation [22] , photodimerisation [23] and multifunctional coupling reagents [24]) have been utilised to prepare CCS-like polymers from preformed micelles and block copolymers in bulk morphologies. For example, Mü ller and co-workers prepared Janus (non-centrosymmetric or surface-compartmentalised) nanoparticles [25] via the disulfur dichloride mediated cross-linking of ABC tri-block copolymers organised in non-centrosymmetric lamellae [21] . Although Janus nanoparticles are structurally similar to CCS polymers (i.e. they have a cross-linked core from which linear arms radiate outwards), their preparation from MIs (or MMs) via the arm-first CRP techniques introduced previously is unconceivable as the armfirst mechanism does not allow for the pre-organisation that is required and can only be achieved through self-assembly processes. The photodimerisation core cross-linking of core isolated cinnamoyl moieties in block copolymer micelles provided the unique opportunity to determine the degree of cross-linking in the resulting CCS polymers via UV-visible spectroscopy [26] . In comparison, attempts to determine the degree of cross-linking in CCS polymers prepared via the arms-first approach and CRP techniques have been unsuccessful. Although there are many examples of core cross-linking of self-assembled nanostructures via both CRP and non-CRP techniques, the cases discussed above highlight some of the potential differences between the arm-first micelle crosslinking and arm-first MI approaches even though both are capable of yielding macromolecules with very similar architectures.
Regardless of the synthetic approach or polymerisation techniques employed, CCS polymers, and for that matter all star polymers, might be expected to display very similar properties if the properties are governed by the arm constituents and their composition rather than the way in which the stars are complied. Thus, star polymers of identical arm composition and similar arm numbers, but prepared, for example, by arm-first CRP or core-first anionic polymerisation or even micelle core cross-linking maybe chemically and physically (from a peripheral viewpoint) indistinguishable. A prominent example which highlights the similarities of star polymers prepared via different synthetic approaches is the properties of poly(acrylic acid) (PAA) stars with oligosaccharide cores prepared via the core-first approach [27] and cross-linked poly(divinyl benzene) (PDVB) cores prepared via the arm-first approach [28] ; both have comparable apparent pK a values and behave similarly in response to pH changes. In contrast, if the properties of star polymers are influenced by their core structure, composition and size then it is reasonable to deduce that star polymers with discrete cores prepared via the core-first approach will behave differently to star polymers with large cross-linked cores prepared via the arm-first approach.
Given that the preparation and application of CCS polymers have been studied for nearly 40 years it is evident that this is a substantial area of polymer research. As a result, it is outside the scope of this article to provide a comprehensive coverage of this extensive field and the reader is directed to several excellent reviews [2, [29] [30] [31] [32] and books [33] [34] [35] [36] [37] that have been published in recent times. Rather, this review highlights the scientific literature from the late 1990s to the present concerning the development and applications of CCS polymers prepared via CRP techniques and the arm-first approach. Although there have been recent reports on the synthesis of CCS-like polymers via ATRP and the core-first approach [38] , the polydispersities of the resulting polymers were significantly broader than those obtained for similar CCS polymers prepared via the arm-first approach. The review will discuss strategies for controlling the macromolecular architecture and functionalisation of CCS polymers, their characterisation, physical properties and applications. Where possible information is provided pertaining to the molecular weight characteristics (e.g. weight-average molecular weight (M w ), polydispersity index (PDI), number of arms (f)) and molecular dimensions (e.g. radius of gyration (R g ), hydrodynamic radius (R h )) of the CCS polymers, however, it should be noted that the methods of their determination vary considerably and as such, will be denoted by the appropriate abbreviation; M w values determined using multi-angle laser light scattering (MALLS) will be denoted as M w(MALLS) , whereas M w values determined using a conventional calibration with linear standards, or a universal calibration with a triple detector system will be donated as M w(CC) and M w(UC) , respectively.
Synthesis of CCS polymers via CRP
As a result of the stringent reaction conditions and limited range of monomers [39, 40] , the use of living anionic and cationic polymerisation to prepare CCS polymers has been superseded by recent developments in CRP techniques, which allow complex macromolecules with high degrees of functionality and compositional variation to be prepared under relatively facile conditions [2] . The CRP techniques that have been successfully implemented include NMP, ATRP and RAFT polymerisation, although it is prominent that they each have different advantages and disadvantages, which are inherent of the particular technique [41] [42] [43] .
The proposed mechanism of CCS polymer formation from living MIs and a divinyl cross-linker consists of the initial addition of the cross-linker to the MIs to form short block copolymers (Scheme 3). The block copolymers can then react with more cross-linker, MIs or with the pendent vinyl groups present on other block copolymers. As more and more of the block copolymers link together they begin to form a star polymer with a lightly cross-linked core. If the cores of these star polymers are sterically accessible to each other then star-star coupling can occur resulting in the formation of higher molecular weight macromolecules. Simultaneously, block copolymers and MIs could also add to these lightly cross-linked star polymers. Once the majority of the block copolymers have been immobilised into the star structure it is likely that intramolecular cross-linking within the stars dominates to afford CCS polymers with denser cross-linked cores. Evidence for the formation of these block copolymers containing pendent vinyl groups has been observed from 1 H NMR spectroscopic analysis [44] [45] [46] [47] of samples taken at short reaction times, which, after isolation of the polymeric material, revealed characteristic vinylic proton resonances. In comparison, 1 H NMR spectra of CCS polymers are dominated by resonances corresponding to the arms and lack resonances corresponding to the core and pendent vinyl groups. Such results are consistent with the formation of star-shaped polymers with mobile arms and rigid cores. Although it is likely that there are still pendent vinyl groups present within the cores of the CCS polymers, it is expected that they will not be detected by 1 H NMR spectroscopic analysis given the reduced segmental mobility of the core. One of the major drawbacks of CRP for the preparation of CCS polymers is that generally not all of the MIs react to form star polymer. Although the extent of MI (or MM) to CCS polymer conversion (star yield) can be tailored by careful manipulation of the reaction conditions or special protocols [48] , it is very rare that quantitative conversion has been achieved [49] . Therefore, fractional precipitation is commonly employed to purify the crude polymerisation mixtures, affording the desired CCS polymers with relative ease given the large difference in molecular weight that exists between the components of the mixture. In general, the preparation of CCS polymers via CRP is accompanied by some low molecular weight materials that maybe either unconverted MIs or block copolymers. Although it is evident that this low molecular weight material may originate from MIs that have lost their living functionality (during their synthesis), in cases where the MIs 'livingness' has been deemed 100% from chain extension experiments several theories can be proposed as to its incomplete conversion to CCS polymer: (i) The formation of dead chains from MIs due to radical termination events prior to the addition of crosslinker; (ii) Initially, all of the MIs are converted to block copolymers via chain extension to some extent by the addition of cross-linker, but due to the steric congestion around the cores of the preformed CCS polymers, not all are incorporated. However, this raises the question, if there are remaining block copolymers present why do they not subsequently react to form new star polymers? One answer could be that the remaining block copolymers have lost their living ends, and as there are no living ends capable of producing radicals outside of the inaccessible preformed CCS polymer cores they cannot link together to form new stars; (iii) If chain extension of the MIs with the cross-linker is unequal (i.e. some block copolymers have a large number of pendent vinyl groups, whilst others have very few) then it would be expected that the block copolymers with a larger number of pendent vinyl groups would predominantly react to form CCS polymers, leaving block copolymers with very few pendent vinyl groups present. As a result of the decreased concentration of these block copolymers and the small number of vinyl groups, the probability of cross-linking reactions decreases whilst the probability of radical termination events increases.
Although several studies have shed some light on the nature of this low molecular weight material, none have conclusively proven one mechanism over another. In theory, it is conceivable that all of the mechanisms proposed play a role to some extent. For example, Baek et al. conducted 1 H NMR spectroscopic analysis [45] of the low molecular weight material after its isolation from a CCS polymer reaction mixture, which revealed the presence of unreacted vinyl groups and indicated that its exclusion from the CCS polymer was not due to the loss of the MI living ends before the addition of some cross-linker. However, the apparent lack of increase in molecular weight of this low molecular weight material from the pure MI implied that the addition of cross-linker was low and may not have added to all the MIs [45] . Similarly, Spiniello et al. isolated the low molecular weight material present after the formation of CCS polymers from a MI, cross-linker and mono-vinyl fluorescent monomer [50] . Gel permeation chromatography (GPC) analysis of this material revealed a significant increase in molecular weight relative to the pure MI and online UV-visible measurements revealed absorptions corresponding to the fluorescent monomer ( Fig. 1) . Given the observed increase in molecular weight, it was concluded that the majority of the MIs had been chain extended with some cross-linker as the increase in molecular weight could not result from the sole addition of the fluorescent monomer. The nature of the low molecular weight material may not seem that important given that the desired component of the reaction is the CCS polymer. However, the way in which it is perceived does have a slight effect on the calculation of the f of the star and therefore, the core molecular weight. For example, the value calculated for the f may vary depending on the assumption that (i) all of the cross-linker consumed in the reaction adds evenly to all the MI (i.e. there is some cross-linker present in the low molecular weight material) or (ii) that all of the cross-linker is incorporated into the CCS polymer and that none is present in the low molecular weight material. Based on these assumptions the f can be calculated according to Eq. (1) 
NMP and metal catalysed ATRP
The construction of CCS polymers via NMP and metal catalysed ATRP generally involves the preparation of a living MI followed by cross-linking with a divinyl (or higher) cross-linker in either a one-pot or two-pot strategy. Whereas the one-pot strategy involves the addition of cross-linker to the MI formation reaction at a certain monomer conversion, the two-pot strategy involves synthesis and isolation of the MI followed by a second reaction with cross-linker. To maintain a high proportion of living polymer chains in the initial stage of the two-pot strategy, the synthesis of the MI is stopped prior to complete consumption of the monomer (as side reactions become apparent at low monomer concentrations) [43] . Evidently, the one-and two-pot strategies lead to CCS polymers with slightly different cross-linking densities within the core as a result of the incorporation of a spacer group (the monomer remaining from the MI synthesis) in the one-pot strategy. Similarly, the preparation of CCS polymer via RAFT polymerisation utilises a MI terminated with a chain transfer agent. An alternative to MIs, recently reported by Gao et al., utilises MMs in the presence of a small molecule initiator and cross-linker to prepare CCS polymers via ATRP [48] .
The synthesis of CCS polymers by NMP was first reported by Solomon and co-workers [51] who employed the alkoxyamine initiator 1 derived from 2,2 0 -azobis(2-methylpropionitrile) (AIBN), 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) and 4-t-butylstyrene (t-BSt) to firstly prepare linear poly(4-t-butylstyrene) (P t BSt) of various DP before cross-linking with either DVB [40] or a mixture of DVB and t-BSt (Scheme 4) [51, 52] . GPC RI analysis of the CCS polymers formed via both approaches revealed broad multi-modal traces. When DVB was employed in the cross-linking step the resulting mixture was found to contain residual linear precursors, whereas the copolymerisation of both DVB and TBS resulted in considerable inter-particle or star-star coupling and the formation of CCS polymers with very broad polydispersities. The NMP approach has since been refined by the introduction of improved alkoxyamine functionalised initiators [53, 54] , which have permitted the use of a wide range of monomer families and enabled the production of narrow polydispersity CCS polymers, in high yield, using a variety of alkoxyamine terminated MIs.
The successful application of copper and ruthenium mediated ATRP (ATRP (Cu) and ATRP (Ru) , respectively) for the preparation of CCS polymers was first reported by Matyjaszewski et al. [55] and Sawamoto et al. [45] via the one-pot and two-pot strategies, respectively. Unlike the initial problems encountered by Solomon and co-workers with NMP [51, 52] , ATRP was found to be much more versatile, readily facilitating the preparation of well-defined CCS polymers in high yields.
RAFT polymerisation
Initial attempts to apply RAFT polymerisation for the preparation of CCS polymers from dithiobenzoate terminated living PSt and DVB [14] lead to the formation of macromolecules with broad polydispersities as a result of side reactions involving the intermediate radicals [56] and potentially, core and chain shielding effects [57] . For example, the reaction of a PSt dithiobenzoate chain transfer MI with DVB in a 1:35 molar ratio leads to the formation of a CCS polymer (M w(CC) ¼ 60.3 kDa) with a PDI of 2.93 [58] . GPC RI analysis of the reaction after 9 h revealed two relatively welldefined peaks corresponding to the MI and CCS polymer (M w(CC) ¼ 16.2 kDa, PDI ¼ 1.62) in a 1:1 ratio. Although the yield of CCS polymer continued to increase with reaction time, reaching a maximum of ca. 90% after 46 h, the GPC RI trace became increasingly broad and multi-modal in appearance. The slow consumption of MIs in the initial stages of the reaction (relative to ATRP and NMP reactions) was attributed to the difference in the polymerisation mechanism as a result of the addition-fragmentation equilibrium of the RAFT process [56] . Given that linear polymer chain radicals can attack dithiobenzoate groups in lightly crosslinked star polymers to release dithiobenzoate terminated linear polymer chains and vice versa, it is understandable that the linear polymers are consumed slowly. Once most of the DVB has been consumed reactions between CCS polymers occur as a result of the high proportion of dithiobenzoate groups located within the core, which leads to the polymerisation of DVB and/or pendent vinyl groups. Hence, the appearance of a high molecular weight peak in the GPC traces and the observed increase in PDI. When the DVB/MI molar ratio was varied from 3 to 35, the molecular weight, PDI and CCS polymer yields all increased. Similarly, Zhang and Chen prepared a PSt arm DVB core CCS polymer (M w(CC) ¼ 87.0 kDa, PDI ¼ 3.47) using telechelic homopolymers derived from a bisallyl trithiocarbonate chain transfer reagent [59] . Once again, broad polydispersities were observed as a result of the chain transfer mechanism [57] . Recent developments for the RAFT process have taken advantage of solvent control and micelle formation prior to, or during, cross-linking to afford well-defined CCS polymers with low polydispersities [60] .
Structural control and diversity
Structural control
Given the large number of variables associated with the preparation of CCS polymers it is evident that optimisation and appreciation of structural control in these systems offer considerable challenges to the synthetic polymer scientist. In addition to the type of CRP technique employed, the structure (molecular weight, f, R g and core size) and yield (conversion of MI to CCS polymer) of CCS polymers are dictated by a wide variety of experimental factors, namely the type of MI (or MM) and cross-linker used, the type of catalyst and catalyst-ligand complex (ATRP), the DP of the MI, the molar ratio of cross-linker to MI, the concentration of the MI, the incorporation of a spacer group during core formation and the nature of the solvent.
Three of the most important considerations when preparing CCS polymers are the cross-linker/MI molar ratio, the concentration of MI and the DP of the MI. However, in turn, these variables are affected somewhat by the structure and reactivity of the crosslinker, and the structural composition of the MI. Regardless of these complexities some general trends can be noted; for example, an increase in the cross-linker/MI molar ratio or MI concentration, up to a certain point, leads to an increase in CCS polymer molecular weight and yield. Further increases result in the formation of starstar coupled products with broad polydispersities and even insoluble gels. Increasing the DP of the MI usually results in a decrease in the molecular weight and yield of the CCS polymer. These trends are highlighted by the results (Fig. 2 ) of a simple study involving the reaction of PMMA MIs with ethylene glycol dimethacrylate (EGDMA) via ATRP (Cu) [61] . As the DP of the MI was increased the M w(UC) values of the resulting CCS polymers first decreased then gradually increased, whilst the f decreased and plateaued ( Fig. 2a) , and the yield of star continuously decreased (Fig. 2d ). When the cross-linker/MI ratio or MI concentration was increased, the M w(UC) values of the CCS polymers increased exponentially ( Fig. 2b and 2c, respectively), which corresponds to an increase in the f. Similarly, the yield of CCS polymer was also found to increase with increasing cross-linker/MI ratio, whereas the yield initially increased up to a certain point and then decreased as the concentration of MI was increased (Fig. 2d) .
CCS polymers via ATRP
For ATRP (Cu) , Matyjaszewski and co-workers established that cross-linker (DVB)/MI molar ratios of between 5 and 15 were optimal for the formation of CCS polymers from PSt [55] and poly-(t-butyl acrylate) (P t BA) MIs [62] . Whereas the yield and molecular weight of the CCS polymers were found to increase with an increase in DVB, higher ratios of DVB/MI (>15) led to significant broadening of the molecular weight distribution and, for the DVB/PSt system, insoluble gel formation. Several other factors pertinent to the preparation of CCS polymer via ATRP (Cu) were also examined, including the effect of the divinyl cross-linker, catalyst-ligand complex, choice of exchange halogen, reaction medium and reaction time [55, 62] . Using a PSt MI it was observed that DVB leads to the formation of soluble CCS polymers, whereas 1,4-butandiol diacrylate (BDDA) and EGDMA resulted in the formation of insoluble gels [55] . Similar results were obtained when a P t BA MI was employed, with the exception that BDDA led to the formation of soluble CCS polymers with high molecular weight and broad polydispersities [62] . In both cases DVB resulted in the formation of stars with relatively narrow polydispersities. The effect of the type of copper-ligand complex on the molecular weight and yield of CCS polymers prepared from a PSt MI and DVB was found to be minimal, although the rate of reaction was found to be higher when N,N,N 0 ,N 00 ,N 00 -pentamethyldiethylenetriamine (PMDETA) was used in place of 2,2 0 -bipyridine (bpy), which was ascribed to the lower redox potential of the formers' copper complex [55] . For the preparation of CCS polymers from P t BA MIs and DVB the choice of solvent also proved to be significant, given that reactions in nonpolar solvents such as benzene resulted in the formation of some insoluble gels, whereas reactions conducted in polar solvents such as 1,2-dichlorobenzene and ethyl acetate afforded soluble polymers of similar molecular weights and yields [62] .
In a series of publications [45, 46, 63] Sawamoto and co-workers examined the one-pot synthesis of CCS polymers via ATRP (Ru) , Fig. 2 . General trends observed for the preparation of PMMA arm PEGDMA core CCS polymers via ATRP (Cu) [61] .
investigating such variables as the type of cross-linker, cross-linker/ MI molar ratio, MI DP, MI concentration, reaction temperature, solvent nature and catalyst concentration. Firstly, PMMA MI was prepared and at a MMA conversion of ca. 90% various cross-linkers, including both dimethacrylates 2-7 [45] and di(meth)-acrylamides 8-14 [34] (Fig. 3) were added in a cross-linker/MI molar ratio of 10. Whereas the dimethacrylate cross-linkers 2-5 all resulted in the formation of CCS polymers in relatively high yield, negligible reaction was observed for cross-linkers 6 and 7. The poor conversions obtained with cross-linker 6 were attributed to the flexible trioxyethylene spacer, which favours intramolecular cyclisation reactions. Interestingly, the most effective dimethacrylate cross-linker, 2 (bisphenol A dimethacrylate (BAM)), for the formation of CCS polymers from PMMA MIs, proved to be ineffective when a poly(n-butyl acrylate) (P n BA) MI was employed, highlighting the importance of choosing an appropriate cross-linker-MI combination [45] . All of the diacrylamide cross-linkers afforded CCS polymers in good yields (>76%), with the exception of the dihydroxyl cross-linker 12. For the diacrylamides 8-11 the yields and molecular weights of the CCS polymers were found to decrease as the spacer length was increased, whereas the bulky diacrylamide 14 afforded a star with very high molecular weight (M w(MALLS) ¼ 1.5 MDa, f z 82), in high yield, after just 2 h of reaction. The effect of PMMA MI DP and cross-linker/MI molar ratio was studied using the cross-linkers BAM and 8 [46, 63] . When the cross-linker/MI ratio was increased whilst the DP of the MI remained fixed, the yield and molecular weight of the CCS polymers increased, which corresponded to an exponential increase in the f. Similarly, an increase of PMMA DP at a fixed cross-linker/PMMA molar ratio also resulted in an increase in the yield and molecular weight of the CCS polymers, however, the f remained relatively constant. For the cross-linker BAM the PMMA MI concentration was also increased incrementally whilst the PMMA DP and cross-linker/PMMA molar ratio remained fixed, which was found to result in an increase in the yield and molecular weight of the CCS polymers [63] . In addition, it was determined that the rate of the cross-linking reaction could be increased by raising the reaction temperature, using more polar solvents or higher catalyst concentrations [63] . Although higher catalyst concentrations resulted in a faster coupling reaction, it is worth noting that over extended reaction times lower yields of CCS polymers were achieved relative to reactions conducted with lower catalyst concentrations. Furthermore, Sawamoto and co-workers assessed the possibility of using an iron(II) catalyst (FeCl 2 (PPh 3 ) 2 ) for the preparation of CCS polymers from PMMA MI and BAM [45] , however, the catalyst exerted poor control over the polymerisation, resulting in the formation of high molecular weight products with very broad polydispersities.
Similar structure studies have also been conducted by Gao and Matyjaszewski via ATRP (Cu) and a one-pot strategy, in which various amounts of DVB were added during the preparation of linear P t BA at certain t-BA conversions [64] . Initially, the effect of P t BA DP was investigated by fixing the amount of unreacted t-BA and DVB. As the DP of the MI was varied from 90 to 20 the molecular weight values (M w(MALLS) ¼ 70.6-142.9 kDa, f z 5-34) of the resulting CCS polymers increased, which was accompanied by an increase in the PDI from 1.23 to 1.84. Thus, indicating that the larger MIs have poor mobility and sterically hinder the incorporation of a large number of arms into individual CCS macromolecules, which is also demonstrated by the decrease in yield with increasing DP. Furthermore, the lower extent of MI incorporation observed at high DP leads to a smaller core and looser structure as evidenced by measurements of the polymers' compactness (M p(MALLS) /M p(CC) ), for which a more compact structure would result in a higher value. For example, CCS polymers prepared from P t BA MIs with DPs of 20 and 90 possessed compactness values of 2.11 and 1.20, respectively. Secondly, the influence of DVB addition at particular t-BA conversions (60, 80 and 90%) was examined by fixing the total amount of t-BA and DVB. When DVB was added at low t-BA conversion the resulting CCS polymer had a high M w(MALLS) (126.5 kDa, f z 19) and broader PDI (1.56) relative to the polymer (M w(MALLS) ¼ 32.1 kDa, f z 5, PDI ¼ 1.24) formed when DVB was added at high t-BA conversion. Although the addition of DVB at low t-BA conversion leads to a decrease in the cross-link density of the star core, it also facilitates the incorporation of more arms as a result of their smaller size and increased mobility. Therefore, CCS polymers prepared by the addition of DVB at low t-BA conversion possessed higher values of compactness. Finally, the amount of DVB was varied at a fixed total amount of t-BA and t-BA conversion of 80%. An increase in the DVB/MI molar ratio from 1.5 to 15 resulted in an increase in the yield (72-95%), M w(MALLS) (28.1-676.4 kDa, f z 5-87) and PDI (1.22-3.86) of the resulting CCS polymers. Correspondingly, the compactness (1.16-5.18) of the polymers increased as the f increased. For comparative purposes P t BA CCS polymers with only PDVB cores were also prepared via a two-pot process, in which preisolated P t BA MIs were reacted with various amounts of DVB without the addition of t-BA as a spacer group. Although the CCS polymers prepared via the two-pot process possessed lower M w(MALLS) values (27.3-365.5 kDa, f z 5-54) they also had much lower PDI values (1.15-1.54). Interestingly, at low ratios of DVB/MI significantly higher yields of CCS polymer were obtained by the one-pot approach, whereas the difference was less pronounced at higher ratios, indicating that the incorporation of a spacer group during the crosslinking step has a pronounced effect on the formation of CCS polymer.
Several factors effecting the formation of amphiphilic CCS polymers consisting of poly(ethylene oxide) (PEG) arms and PDVB cores have been investigated via ATRP (Cu) . Using a 2-bromoisobutyryl functionalised PEG MI and DVB (tech. grade 45%) Du and Chen observed that the M n(CC) (26.1-42.6 kDa) and yield (10-83%) of CCS polymers increased as the DVB/MI molar ratio was increased from 4.7 to 20 [65] . Chen et al. employed distilled DVB in their study and revealed similar trends as the DVB/PEG molar ratio was increased from 5 to 15, with the exception that the resulting CCS polymers (M n(CC) ¼ 20.1-61.2 kDa, PDI ¼ 10.8-1.15) could be obtained in high yields (up to 99%) [66] . The choice of solvent also played an important role, with benzene, anisole and chlorobenzene resulting in the formation of CCS polymers with broad PDI (>1.48) [66] . In comparison, o-xylene afforded stars with narrow PDI (1.12) and in near quantitative yield (>99%).
An interesting alternative to the commonly used arm-first MI approach, which allows for the production of CCS polymers in high yield and low polydispersity, is the MM approach. Whereas the MI Fig. 3 . Cross-linkers employed for the synthesis of CCS polymers via ATRP (Ru) [45, 46, 63] . approach has the limitation that the number of initiating sites cannot initially be less than the polymer used for the arm, the MM approach allows the amount of initiator to be adjusted independently of the arm number. As a result the number of initiating sites in the core can be decreased, which limits the extent of star-star coupling reactions. For example, the synthesis of P n BA arm PDVB core CCS polymers using P n BA MMs in the presence of the initiator, ethyl 2-bromopropionate and DVB was investigated at a molar ratio of 5:1:15 via ATRP (Cu) (Scheme 5) [48] . Although all of the DVB was consumed after the first 24 h, the yield of CCS polymer continued to increase up to 130 h to afford a star with the M w(CC) , PDI and yield of 63.0 kDa, 1.15 and 77%, respectively. In contrast, the corresponding CCS polymer prepared from a P n BA MI and DVB in a ratio of 1:3 possessed a much broader PDI of 1.55. This difference in PDI was accounted for by consideration of the extent of star-star coupling reactions caused by the amount of initiator present. For the MM system the congestion around the core of the preformed star polymer after 7.5 h prevented star-star coupling and only allowed star-MM reactions, which was attributed to the lower amount of initiator employed. In contrast, star-star coupling reactions occurred throughout the polymerisation for the MI system as the number of initiating sites was higher. To increase the conversion of MM to CCS polymer additional batches of DVB and initiator were added periodically. After 4 additions the majority of the MM had reacted to afford CCS polymer (M w(MALLS) ¼ 466.0 kDa) in a yield of 98%, whilst the PDI (1.19) only increased slightly. Although it is evident that any unreacted MM can react not only with the core of preformed stars, but also the newly added DVB and initiator to form primary MI, GPC analysis revealed that the newly formed MI reacted preferentially with initiating sites or vinyl groups in the preformed star cores rather than with each other to form new stars.
To demonstrate the flexibility of the MM approach PEG arm PEGD-MA core CCS polymers were also prepared using PEG MMs, ethyl 2-bromoisobutyrate as the initiator and EGDMA in a molar ratio of 10:1:10. After 29 h of reaction the yield of star polymer had reached 97% and possessed a PDI of 1.18.
CCS polymers via NMP
Following on from the preliminary studies of Solomon and coworkers [51, 52] several research groups have conducted detailed examinations into the preparation of CCS polymers via NMP [67] [68] [69] . The effects of cross-linker/MI molar ratio, MI DP and reaction time on the structure and yield of CCS polymers prepared via NMP were investigated by Hadjichristidis and co-workers [68] . It was noted that in order to obtain PSt arm PDVB core CCS polymers in good yields (75%), long reaction times (8-10 days) were required. Variation of the TEMPO terminated PSt MIs M w from 9.7 to 70.0 kDa, at a fixed DVB/MI molar ratio of 13, leads to a decrease in the M w , f and yield of star. When the DVB/MI ratio was increased from 6.5 to 13 using a PSt MI with a M w of either 15.0 or 34.0 kDa the yields and M w values of the CCS polymers were found to increase. Remarkably, Pasquale et al. observed that a very high DVB/TEMPO terminated PSt MI (M n(UC) ¼ 19.3 kDa, PDI ¼ 1.10) molar ratio of 68 and reaction time of 24 h were required to successfully form a CCS polymer (M n(UC) ¼ 319.0 kDa, PDI ¼ 3.03, 77%), albeit the polydispersity was very broad [67] . Longer reaction times were found to result in an increase in the polydispersity without any further increase in the yield of CCS polymer.
One of the most ingenious approaches towards determining the optimum conditions and structural diversity of CCS polymers was presented by Hawker and co-workers through the application of a high-throughput combinatorial technique [69] . Using a computerbased planning and robotic dispensing system, a series of 96-element libraries were produced to examine the reaction of a-hydrido alkoxyamine terminated PSt MIs with the cross-linker 1,1 0 -(methylenedi-4,1-phenylene)bismaleimide (BMI) in the presence of styrene as a spacer group. For the first library the BMI and styrene/MI molar ratios were varied simultaneously for a MI of fixed DP and it was established that a BMI/MI molar ratio of 2.75-3.5 at a styrene/MI molar ratio of 2-15 was optimum for the synthesis of well-defined high molecular weight CCS polymers. Taking the lead reaction conditions obtained from the first library, more variables, including the MI DP and concentration, were investigated in subsequent libraries. As a result of these evaluations it was established that as the DP of the MI increased, the amount of BMI required to afford well-defined high molecular weight CCS polymers also increased, with the optimum M w of the MI being between 3.5 and 9.1 kDa. Furthermore, similar libraries were constructed using DVB as the cross-linker and revealed general trends analogous to the BMI system, with the exception that larger amounts of DVB were required for optimised CCS polymer formation [69] .
Amamoto et al. employed a novel approach for the preparation of CCS polymers using radical crossover reactions of alkoxyamine functionalised diblock copolymers [70] . Given the thermally reversible exchange reaction of the complementary alkoxyamine units the diblock copolymer, PMMA-b-P(MMA-co-15-co-16) P1 (Scheme 6), could be interconverted between the diblock copolymer and CCS polymer. The diblock copolymers were prepared via ATRP (Cu) using PMMA MIs to initiate the random polymerisation of MMA and methacrylic esters 15 and 16 with complementary alkoxyamine moieties. In total, four diblock copolymers were synthesised with different structures, such as the DP of each block and the composition of the random block. Subsequently, the diblock copolymers were heated at 100 C at a concentration of 5 wt% to facilitate the radical crossover reaction and formation of the CCS polymers. Time dependent GPC analysis and HPLC quantification of the alkoxyamine 17 generated during the radical crossover reaction revealed that the reaction reached equilibrium after 24 h with the majority of the linear copolymers being converted to CCS polymer. The molecular weight and yield of the CCS polymers were found to be strongly dependent on the concentration, as well as the composition and molecular weight of the diblock copolymer. For example, an increase in the concentration of the diblock from 1 to 10 wt% resulted in an increase in the molecular weight of the resulting stars. The conversion of CCS polymer back to the parent diblock copolymers was investigated through reaction with an excess of the alkoxyamine 17. The success of the reverse crosslinking reaction was related to the cross-link density of the core. CCS polymers with high cross-linking density underwent a relatively small amount of reverse cross-linking, whereas those with lower cross-linking density almost completely reverted back to the parent diblock copolymer after 48 h.
CCS polymers via RAFT polymerisation
Usually the RAFT polymerisation of chain transfer MIs with crosslinkers results in CCS polymers with broad polydispersities, however, Pan and co-workers have demonstrated that low polydispersity CCS polymers can be prepared via solvent control and the in situ formation of block copolymers which undergo aggregation and micelle formation [71] [72] [73] . For example, a dithiobenzoate Scheme 5. Synthesis of P n BA arm PDVB core CCS polymers using P n BA MMs, ethyl 2-bromopropionate and DVB via ATRP (Cu) [48] .
terminated PEG chain transfer MI was reacted with styrene and DVB in a 5:1 v/v ethanol:THF mixture using AIBN as the initiator to afford a CCS polymer (M n(CC) ¼ 81.9 kDa) with a narrow PDI of 1.09 [72] . The importance of the solvent composition was highlighted by similar reactions conducted in THF, a good solvent for both PEG and P(St-co-DVB), and 1:1 water:THF, which after ca. 24 h resulted in gel formation and polymers with broad polydispersities, respectively. Similarly, CCS polymers with either acidic or basic polar cores, and apolar arms were prepared via the reaction of dithiobenzoate terminated PSt chain transfer MIs with acrylic acid (AA) [73] or 4-vinylpyridine (4VP) [71] and a cross-linker in selected solvents. It was proposed that the polymerisation of AA and EGDMA with a PSt MI, in a non-solvent (benzene) for PAA, results in the formation of a PSt-b-P(AA-co-EDGMA) block copolymer, which at a critical chain length begins to aggregate and form micelles with P(AA-co-EDGMA) cores and PSt coronas (Scheme 7) [73] . Further polymerisation and cross-linking reactions occur in the core of the micelles to afford CCS polymers. When cyclohexene was employed as the solvent, gelation was observed as a result of aggregation of the block copolymers at much shorter P(AA-co-EGDMA) chain lengths, which leaves a large amount of monomers in solution that can readily undergo conventional polymerisation in the absence of the chain transfer agent. Support for the hypothesised polymerisation mechanism was demonstrated by monitoring the change in molecular weight and R g of the polymer during the preparation of PSt arm P(4VP-co-DVB) core CCS polymers [71] . Reaction of a dithiobenzoate terminated PSt chain transfer MI with 4VP and DVB in cyclohexene initially resulted in a slight increase in M w that corresponded to the conversion of 4VP.
However, after ca. 5 h the M w and R g increased sharply indicating aggregation of the copolymer to afford micelles. Interestingly, an increase in the DVB/MI molar ratio at a fixed 4VP/MI ratio resulted in a decrease in the conversion of 4VP and the R g of the resulting CCS polymers.
Structural diversity
In addition to the previously mentioned CCS polymers (Section 3.1) that possess homopolymeric arms, CRP and the arm-first technique also makes it possible to prepare a wide range of compositionally diverse and complex stars. For example, the preparation of CCS polymers using block copolymer MIs results in symmetrical stars with inner-and outer-shell morphologies (Fig. 4) . Furthermore, careful selection of the polymeric blocks used in the arms enables the facile production of CCS polymers with amphiphilic characteristics or compartmentalised interior environments. Similarly, CCS polymer with gradient or random copolymer arms (Fig. 4) can be prepared using the corresponding MIs. Miktoarm (or asymmetrical) CCS polymers (Fig. 4) [35] possess molecular weight asymmetry (unequal arms) and/or chemical asymmetry (chemically different arms). Consequently, CCS polymers that have arms of similar chemical composition, but different end groups, can also be categorised as miktoarm stars.
CCS polymers with block copolymer morphology
CCS polymers with block and random arms comprised of n-butyl methacrylate (n-BMA) and MMA were prepared by Baek et al. via one-pot ATRP (Ru) using both EGDMA and BAM as crosslinkers [74] . When P n BMA-b-PMMA, PMMA-b-P n BMA and P( n BMAco-MMA) MIs of various DP were employed with EGDMA the yields (> 80%) of the resulting CCS polymers were high. However, attempts to employ the PMMA-b-P n BMA MI with BAM did not yield the desired outcome as a result of the low reactivity of BAM with the n-BMA living end. In comparison, the formation of CCS polymers with the P( n BMA-co-MMA) MI and BAM was successful despite the incompatibility issue mentioned previously. This was attributed to the addition of BAM before the complete consumption of MMA, which would have aided the formation of MMA terminated MIs suitable for reaction with the cross-linker BAM. Similarly, Hawker and co-workers demonstrated that block copolymer CCS polymers could be easily prepared via the NMP of alkoxyamine functionalised block copolymer MIs using DVB in the presence of styrene as a spacer [75] . Starting from P t BA-b-PSt, poly(N,N-dimethylacrylamide (PDMA))-b-PSt and poly(N-isopropylacrylamide (PNIPAM))-b-PSt MIs the corresponding CCS polymers with apolar interior (inner shell) and polar exterior (outer shell) type morphologies were prepared efficiently (>72%).
Scheme 6. Synthesis of CCS polymer with thermally reversible dynamic cross-links [70] .
Scheme 7. Formation of PSt arm P(AA-co-EDGMA) core CCS polymers via RAFT polymerisation and in situ micellation [73] .
Additionally, the inverted materials, with a polar interior and apolar exterior were also produced using PSt-b-P t BA, PSt-b-PDMA, PSt-b-poly(4-vinylbenzoic acid (4VBA)), and PSt-b-poly(2-vinylpyridine (2VP)) MIs. Note that hydrolysis of the t-butyl ester groups present in the P t BA containing stars was required to afford polar PAA functionalised CCS polymers. Furthermore, PSt-b-P(St-co-4VP) and PSt-b-P(St-co-maleimide) MIs were employed to produce CCS polymers with interior environments that could act as H-bond acceptors and acceptor-donor-acceptor H-bonding arrays, respectively. Following on from these studies water-soluble PEG-b-P(DMA-co-N-acryloxysuccinimide (NAS)) arm P(DMA-co-DVB) core and PEG-b-P(DMA-co-NAS) arm P(DMA-co-ethylene glycol diacrylate (EGDA)) core CCS polymers were prepared from alkoxyamine functionalised block copolymer MIs with different block sizes [76] . Subsequently, the activated esters of the NAS monomer units present in the inner shell of the CCS polymers were modified through reaction with a 1,4,7,10-tetraazacyclododecanetetraacetic acid (DOTA) derivative. The resulting DOTA functionalised stars were employed to chelate radioactive 64 Cu nuclei and their biodistribution and in vivo positron emission topography (PET) imaging was studied in relation to their structure. To determine the extent of DOTA conjugation to the CCS polymers as well as their availability to bind copper ions in aqueous solution, isotopic dilution assays (IDAs) were conducted. IDAs provided an estimate of between 10 and 36 DOTA groups per star, which is significantly lower than that determined by 1 H NMR (25-49 DOTA groups per star). The difference in results was attributed to shielding created by the outer shell of hydrated PEG, which results in only partial availability of the DOTA groups to chelate copper ions.
CCS polymers have also been prepared via the pre-assembly of amphiphilic block copolymers, functionalised with RAFT chain transfer agents, into micelles, which were subsequently crosslinked. For example, Zhang et al. prepared a range of amphiphilic poly(2-hydroxyethyl acrylate (HEA))-b-P n BA copolymers, which formed micelles in methanol that could be cross-linked in the presence of 1,6-hexanediol diacrylate (HDA) and AIBN to afford soluble CCS polymers with narrow polydispersities (PDI ¼ 1.12-1.24) [77] . Using a PHEA 260 -b-P n BA 75 chain transfer MI the effect of the HDA/MI molar ratio and MI concentration on the properties of the resulting CCS polymers was investigated. An increase in the HDA/MI molar ratio at a fixed MI concentration had negligible effect on the molecular weights and polydispersities of the CCS polymers. Likewise, an increase in the MI concentration had negligible effect up to a concentration of 2 mM, at which point multi-modal distributions were observed in the GPC RI traces and the yield of CCS polymer decreased significantly. In all cases a decrease in the hydrodynamic diameter (D h ) was observed upon cross-linking of the pre-assembled micelles. Dynamic light scattering (DLS) measurements of the micelles prior to cross-linking revealed that their D h was dependent on the DP of both blocks of the copolymers and followed the general relationship D h w DP n-BA
1.17
.DP HEA 0.57
. Lu and co-workers also prepared CCS polymers with block copolymer arms via the cross-linking of self-assembled micelles composed of RAFT chain transfer functionalised PNIPAMb-PST MIs in water, using N,N-methylene bisacrylamide as the cross-linker in the presence of ammonium persulfate [78] .
Similarly, Hales et al. prepared CCS polymers via the selfassembly of amphiphilic poly(lactic acid (LA))-b-PNIPAM chain transfer MIs in aqueous solution and found that the size of the micelles was dependent on the ratio of both blocks and the DP of each block [79] . An increase in the DP of either block or the overall molecular weight of the block copolymer resulted in an increase in the D h of the micelles. Cross-linking of the micelle prepared from a PLA 60 -b-PNIPAM 40 block copolymer was performed in methanol using HDA as the cross-linker in the presence of AIBN (Scheme 8).
As a result of the location of the trithiocarbonate group between the two blocks, cross-linking resulted in the formation of a CCS polymer with a cross-linked layer between the core and the outer shell. DLS analysis of the CCS polymer in methanol revealed an increase in the average diameter, relative to the un-cross-linked micelle. Given the thermoresponsive behaviour of PNIPAM the lower critical solution temperature (LCST) of the block copolymers and CCS polymers was investigated via turbidity and light scattering measurements in aqueous solution. Whereas turbidity and light scattering analysis of the CCS polymers yielded approximately the same LCSTs and rate of phase transition (w0.5 K), the block copolymers exhibited a very slow rate of transition (4-10 K), which was attributed to incomplete phase separation.
PCL-b-PMMA CCS polymers were prepared through a combination of ATRP (Cu) and ROP, and subsequently modified to manipulate the size and chemical composition of the shell structure [80] . For example, the outer PCL shell of a CCS polymer (M n(MALLS) ¼ 226.0 kDa, PDI ¼ 1.18, f z 7) was hydrolysed to afford the corresponding PMMA star (M n(MALLS) ¼ 207.0 kDa), which was accompanied by a reduction in the D h and molecular weight that was consistent with the theoretical removal of the PCL shell. This unique approach not only allowed for modification of the coronal properties, but also enabled access to CCS polymers with a few short arms, which would have been difficult to achieve via a direct synthetic approach. . Post-synthetic chain extension of the CCS polymer arms provides a simplistic route to prepare CCS polymers with many large arms, which are traditionally difficult to synthesis via a direct synthetic approach as the number of arms incorporated decreases as the arm molecular weight increases. Unfortunately, the initiation efficiency of the hydroxyl surface groups could not be determined, thus it was not evident if all the arms had been equally extended.
Miktoarm CCS polymers
Miktoarm CCS polymers have been prepared via CRP using two synthetic strategies, namely the 'in-out' method and a multiple MI approach. The 'in-out' method has been successful in preparing CCS polymers containing two kinds or arms with different chemical compositions and initially involves the formation of a symmetrical CCS polymer, which then acts as a multifunctional initiator for the subsequent growth of the second generation of arms. Noteworthy is the fact that as a result of the sterically congested core, initiation efficiency of the second generation of arms is reduced leading to miktoarm CCS polymers with fewer second generation arms relative to the first generation. Comparatively, miktoarm CCS polymers can be prepared with relative ease using a combination of MIs or MMs with different chemical compositions in a single reaction. mer it was deduced that the molar ratio of ethylene oxide to styrene repeat units was ca. 7:8, whereas elemental analysis provided a ratio of 4:3, which was in good agreement with the conversion of styrene. The same group has also reported the preparation of PCL arm PSt arm miktoarm CCS polymers using PCL star polymers with PDVB cores as multifunctional initiators for the ATRP (Cu) of styrene [81] . In order to prevent star-star coupling and gel formation during the formation of the PSt arms it was necessary to keep the conversion of styrene low (3%) and at these conversions kinetic studies demonstrated that the styrene conversion displayed firstorder kinetics, indicating that radical termination was negligible. Determination of the weight fraction of caprolactone units in the hetero-arm stars by 1 H NMR spectroscopy and elemental analysis was in good agreement and provided molar ratios of styrene/caprolactone units varying between 1.2 and 2.9. Presuming that the number of PSt arms was the same as PCL arms (i.e. all initiating sites initiated the polymerisation of styrene) it was estimated that the DP of the PSt arms was between 50 and 138.
To study the initiation efficiency of the initiating sites, present in the cores of CCS polymers, for the growth of a second generation of arms, Gao et al. prepared CCS polymers using the cleavable crosslinker, bis(2-methacryloyloxyethyl)disulfide 18 (SS) (Scheme 9) [82] . ATRP (Cu) of a PMMA MI and the disulfide 18 yielded the PMMA arm PSS core CCS polymer P2 (M p(MALLS) ¼ 896.0 kDa, PDI ¼ 5.55, f ¼ 47) that was completely cleaved into linear PMMAb-PSH block copolymers (where SH represents the cleaved crosslinker 18) upon the addition of tributyl phosphine. Using the polymer P2 as a multifunctional initiator a second generation of arms was then grown with n-butyl acrylate (n-BA). Although a plot of ln([M] 0 /[M]) for n-BA conversion was initially linear, considerable deviation was observed after the first 5 h indicating intra-and intermolecular radical dimerisation, leading to a decrease in the number of living chains. The formation of star-star coupled products through intermolecular radical dimerisation was evident from GPC analysis and at longer reaction times gelation was also observed. Cleavage of the miktoarm CCS polymer produced a mixture of two types of block copolymers (PMMA-b-PSH and PMMA-b-PSH-b-PMMA), which confirmed that not all the initiating Scheme 8. Synthesis of PNIPAM-b-PLA CCS polymers with cross-linked layer between the core and the outer shell [79] .
sites in the core of the homo-arm star P2 initiated the polymerisation of n-BA. Deconvolution of the overlapping GPC RI responses for the di-and tri-block copolymers in combination with dn/dc values and weight fractions enabled the calculation of the ratio of the two copolymers, which corresponded to an initiation efficiency of 19% for the star P2. Knowing the initiation efficiency the number of second generation P n BA arms and their DP was calculated as 9
(out of a potential of 47) and 389, respectively, using 1 H NMR spectroscopic analysis. In a subsequent study the effect of several factors on the initiation efficiency of homo-arm CCS polymer multifunctional initiators was investigated using a kinetic method for the quantitative determination of the initiation efficiency [83] . Using P t BA CCS polymers with various arm lengths and structural compactness values it was found that their initiation efficiency decreased with increasing arm DP and structural compactness. Given that longer arms and a denser star structure hinder access to the initiating sites it is unsurprising that the highest initiation efficiencies (54%) were obtained with stars that possessed short arms and low compactness values. The chemical compatibility of the first and second generation arms was also found to have a significant effect on the initiation efficiency. When the second generation was of the same chemical composition as the first P t BA then the multifunctional initiator star had its highest initiation efficiency (33%), whereas the application of n-BA and methyl acrylate (MA) as monomers for the second generation led to a decrease in the initiation efficiency (30 and 23%, respectively). In contrast, when styrene was employed to prepare the second generation of arms the initiation efficiency dropped significantly (11%), highlighting the effect caused by the difference in chemical composition between the first and second generation arms. The alkylbromide surface and core functionalised PCL arm PEGD-MA core CCS polymer P3 (M n(MALLS) ¼ 152.3 kDa, PDI ¼ 1.18, f z 19) were employed to prepare a miktoarm CCS polymer P4 (M n(MALLS) ¼ 514.6 kDa, PDI ¼ 1.29) (Scheme 10) comprised of both PMMA and PMMA-b-PCL arms that originated from the initiation of MMA from core and peripheral groups (on the pre-existing arms), respectively [80] . Hydrolysis of the inner PCL shell resulted in the recovery of CCS polymer P5 (M n(MALLS) ¼ 373.4 kDa, PDI ¼ 1.21) with PMMA arms originating from the core isolated initiating sites and linear PMMA that had been chain extended from the peripheral initiating sites. Given the known mass of the core and observed change in molecular weight upon degradation of the PCL segments, it was calculated that 83.7% of the total extended mass of the miktoarm CCS polymer P4 resulted from core-initiated PMMA, whilst the other 16.3% was attributed to PMMA chain extension initiated from the arms. Therefore, the theoretical initiation efficiency of the core and peripheral sites was estimated to be 21% and 4%, respectively. These results suggest that initiation from the core was more easily achieved than initiation from the arms, which is unexpected given the steric congestion present within the crosslinked core. The observed trend was attributed to the high concentration of propagating radicals at the surface of the CCS polymer, which resulted in a higher rate of radical termination, as implied by the tendency of rapid gelation to occur during these reactions.
Multi-macroinitiator approach.
The preparation of selectively degradable PCL arm PMMA arm miktoarm CCS polymers was achieved by ATRP (Cu) of PMMA (M n(MALLS) ¼ 7.5 kDa, PDI ¼ 1.08) and alkyl halide functionalised PCL (M n(MALLS) ¼ 2.3 kDa, PDI ¼ 1.05) MIs in a 1:1 ratio using EGDMA as the cross-linker [84] . 1 H NMR spectroscopic analysis of the CCS polymer (M n(MALLS) ¼ 559.6 kDa, PDI ¼ 1.24, f z 53) revealed a molar ratio of PCL:PMMA arms of 13:5, indicating that the relative reactivity of the MIs was dependent of their molecular weight, with smaller MIs being incorporated more readily. Acid-catalysed hydrolysis of PCL arms yielded a CCS polymer with a M n(MALLS) of 460.8 kD, which compared well with the theoretical M n (472.5 kDa). Recently, Matyjaszewski and co-workers have prepared a series of miktoarm star polymers containing two or more different combinations of arms via the ATRP (Cu) of DVB and MIs with different chemical compositions, but similar reactivity [85] . To demonstrate the application of the MI approach a PMA arm P n BA arm CCS polymer was firstly prepared by the reaction of equimolar amounts of PMA and P n BA MIs of similar DP. 1 H NMR spectroscopic analysis revealed that the molar fraction of PMA to P n BA arms in the fractionated CCS polymers was 0.52/0.48, which corresponded closely with the initial 0.50/0.50 molar ratio employed.
Scheme 9. Synthesis and cleavage of miktoarm CCS polymers prepared via ATRP (Cu) and the 'in-out' approach [82] .
Scheme 10. Preparation of miktoarm CCS polymers with selectively degradable segments [80] .
To confirm that the isolated CCS polymer was in fact a miktoarm star and not a mixture of two homo-arm stars the polymer was characterised by liquid chromatography under the critical conditions of PMA homopolymers, using normal phase silica columns as the stationary phase. Given that the elution volume of PMA containing copolymers was solely determined by the molecular weight of the other polymeric segments it was found that the elution volume of the PMA arm P n BA arm CCS polymer was less than that for a PMA star, yet higher than that for a P n BA star, thus indicating that it was a miktoarm CCS polymer. Furthermore, by changing the molar ratio of the PMA and P n BA MIs employed miktoarm CCS polymers with different arm compositions could be produced. The versatility of this innovative method was further illustrated by the preparation of a series of miktoarm CCS polymers with two types of arms with different compositions and molecular weights from various equimolar combinations of MIs. Moreover, elaboration of this method enabled the preparation of a miktoarm CCS polymer with five types of arms derived from the one-pot reaction of PEG, PSt, P n BA, PMA and P t BA MIs (Scheme 11).
In all cases 1 H NMR spectroscopic analysis revealed that the arm compositions in the fractionated CCS polymers were always in good agreement with the initial composition of the MIs employed. Most recently, combinations of both MIs and MMs have been employed to prepare miktoarm CCS polymers [86] .
CCS polymer morphology
CCS polymers, as with all star polymers, exhibit a gradient structure from the centre of the star to the outer shell with respect to the segment density of the arms [87-89]. The Daoud and Cotton model explains this by the division of the structure into three regions: a central core, a shell with semi-dilute density in which the arms have unperturbed chain conformation and an outer shell in which the arms of the star assume a self-avoiding conformation [90] . The major differentiating factor between CCS polymers and star polymers is the size and structure of the core. Whereas star polymers possess discrete and well-defined core moieties of relatively small molecular weight compared to the overall macromolecule molecular weight, CCS polymers have significantly sized cores that generally contribute 10-30% of the overall molecular weight. Therefore, it is evident that the cores of CCS polymers provide a unique environment, which has been exploited for various applications ranging from nanoparticle formation to encapsulation and storage of guest molecules. Furthermore, the highly cross-linked nature of the CCS polymer core reduces its flexibility and deformability, whilst conventional star cores are relatively mobile. The size and reduced mobility of the core can also affect the physical properties of CCS polymers as demonstrated by rheological studies [91] (Section 5.5), which highlight differences with star polymers that have relatively small cores.
Morphological characterisation
The size determination of CCS polymers is commonly conducted by light scattering techniques (MALLS, DLS and static light scattering (SLS)), however, more recently these results have been complemented by more direct imaging methods such as transmission electron microscopy (TEM) and atomic force microscopy (AFM). One of the first comparisons of CCS polymer dimensions obtained from light scattering and those from TEM were reported by Gurr et al. [92] . Whereas the R g of a PMMA arm EGDMA core CCS polymer (M w(UC) ¼ 1.1 MDa, f z 15) was determined to be 24.1 nm by light scattering, subsequent zero-loss TEM images of the polymer revealed particles ranging in size from ca. 10 to 20 nm with a mean diameter of 15.4 nm. Contrast inverted TEM images of the CCS polymer embedded in a PSt matrix provided diameter values ranging from 18 to 30 nm. It is evident that the size discrepancy observed from the light scattering and TEM results reflects the difference in conformation of the CCS polymer in different chemical environments. In solution, the arms of the CCS polymer are solvated and therefore, occupy a relatively large excluded volume. In comparison, casting the CCS polymer from a solution onto TEM grid (solid state) results in the arms collapsing onto the outer surface of the core, in which case the particles appear smaller. Likewise, when the CCS polymers are embedded into PSt matrix the PMMA arms are expected to contract as a result of the thermodynamically poor environment.
Sawamoto and co-workers examined the shape and size of a PMMA arm PBAM core CCS polymer (M w(MALLS) ¼ 525.0 kDa, PDI ¼ 1.31, f z 29) in toluene via small-angle X-ray scattering (SAXS) analysis [63] . The obtained scattering profile was fitted by the form factor of a spherical core-shell model, which showed satisfactory agreement at the small-angle regions and led to radius values of 2.7 and 8.8 nm for the core (R c ) and CCS polymer (R p ), respectively. Given that the R g value (6.8 nm) calculated from R p was very similar to the R g value (6.9 nm) obtained separately from a Guinier plot using the same data it was concluded that the CCS polymers are spherical in shape. The structural ordering of 80% charged PAA arm PDVB core CCS polymers above the overlap threshold concentration (1.6 wt%) in aqueous solution was investigated via SAXS [28] . SAXS analysis revealed that the CCS polymers adopted a body-centred cubic lattice structure and the packing density increased with increasing polymer concentration (4.7-11.5 wt%), regardless of the arm number and DP. Given that the measured nearest-neighbour distance (D 0 ) was proportional to ca. À1/3 power of the polymer concentration, as expected for homogeneous systems, it was concluded that the spherical particles of star polymers lead to isotropic shrinkage with an increase in the polymer concentration as a result of the softness of the PAA CCS polymers.
Small-angle neutron scattering (SANS) has also been employed to study the morphology and interactions of PMMA arm PEGDMA core CCS polymers via the measurement of the scattered intensity as a function of the scattering vector (q) (Fig. 5) [61] . Three different contrast matches (none, arms and core matched) were measured and model fitting studies were then conducted to elucidate the conformational information of the CCS polymer (M w(UC) ¼ 1.2 MDa, PDI ¼ 1.50). The experimental data was fitted to an inverted realspace model that defined functions in reciprocal space, such as the form and structure factors. The parameters in the model were subsequently refined until the fits converged. From Fig. 5 it can be observed that their is good agreement between the global fit and experimental data for the core-(arms data) and none-contrast matched (particle data) curves, however, there was poor fitting for the arm-contrast matched (core data) curve at low q values.
The failure of the model to globally fit the data at low q for the core data was believed to result from several assumptions about the structure of both the core and the particles. For example, the core was treated as a hard sphere in the model, whereas a function that describes the core as having a Gaussian falloff, with a gradual transition of the interface between the core and the arms may provide a closer global fit. Calculation of the R c and R p from the data Scheme 11. Preparation of miktoarm CCS polymer via the ATRP (Cu) of DVB and MIs with different chemical compositions, but similar reactivity [85] .
provided values of 3.1 and 10.2 nm, respectively, which are on the same order of magnitude as those obtained from GPC MALLS analysis (R g ¼ 16.2 nm) and calculations of the minimum core size (R c ¼ 4.8 nm).
Core dimensions
In addition to R c values determined from SAXS [63] and SANS [61] experiments (Section 3.3.1), the dimensions and characteristics of CCS polymer cores have been studied after chemical removal of the arms. To analyse the cores of PEG arm PDVB core CCS polymers Du and Chen hydrolysed the ester group responsible for connection of the arms to the core and isolated the PDVB via fractional precipitation [65] . SEC of the PDVB revealed a M n(CC) of 7.6 kDa and PDI of 2.5, which was significantly higher than the PDI (1.12) for the CCS polymer. Given the reciprocal relationship that exists between apparent polydispersity and arm number it is evident that the greater number of low polydispersity arms a CCS polymer possesses the less significant the broad apparent PDI of the core becomes. Comparatively, similar results were obtained upon hydrolysis of a CCS polymer with PCL arms, which afforded a PDVB core (M n(CC) ¼ 10.7 kDa) with broad PDI of 5.6 [81] .
Wiltshire and Qiao utilised DLS to analyse the core dimensions of CCS polymers after degradation of the arms [84] . CCS polymers with hydrolysable PCL arms were prepared via ATRP (Cu) using alkylbromide functionalised PCL MIs and either DVB or EGDMA as the cross-linker. The optimum conditions for the production of high molecular weight star polymers in good yields were found to be dependent on the cross-linker employed. For DVB a PCL concentration of 40 mM and cross-linker/PCL molar ratio of 15 were optimal, whereas for EGDMA a concentration of 5 mM and ratio of 25 yielded the best results. Acid-catalysed hydrolysis of CCS polymers with DVB or EGDMA cores (M n(MALLS) ¼ 85.2 kDa, PDI ¼ 1.16, f z 15 and M n(MALLS) ¼ 367.1 kDa, PDI ¼ 1.19, f z 55, respectively) resulted in the degradation of the PCL arms and enabled isolation of the cores, which possessed M n(MALLS) (43.7 and 215.7 kDa, respectively) closely matching the theoretically predicated molecular weights. DLS of the CCS polymers and their corresponding DVB or EGDMA cores after hydrolysis revealed a decrease in the diameter from 27 to 11 and 52 to 37 nm, respectively. Although the reduction in size in both cases was nearly identical it should be noted that the magnitude of the reduction is not solely dependent on the length of the removed arms, but also shrinkage of the exposed cross-linked cores as a result of a reduction in their solubility.
Functionalised CCS polymers
The versatility of the arm-first approach and tolerance of CRP techniques to a wide range of monomer families and functionalities have enabled highly functionalised CCS polymers to be developed in a controlled fashion with core, arm or peripheral functionality. However, when designing CCS polymers with complex functionalities the choice of CRP technique employed is of the upmost importance, as it has implications on the type of functional monomers and cross-linkers that can be employed [43] . The introduction of various functional groups into the core, arms or end groups of CCS polymers significantly enhances their potential application to polymer therapeutics, biodiagnosis, optical imaging, membranes, coatings, viscosity modifiers, catalysis, separation media, thin films and a variety of other advanced materials. Functionality can be imparted via several strategies: (i) the application of functionalised monomers for the preparation of MIs allows for the preparation of CCS polymers with arm functional groups (Scheme 12a); (ii) functionalised cross-linkers or functionalised monomers (as spacer groups) can be used to prepare core functionalised CCS polymers (Scheme 12b); (iii) functionalised initiators for the preparation of end-group functionalised MIs allow for the construction of peripherally functionalised CCS polymers (Scheme 12c); (iv) functionalised initiators can also be employed to produce core functionalised CCS polymers via the MM approach (Scheme 12d); (v) post-functionalisation can be achieved through the attachment of desired groups to complementary functionalities present in the preformed CCS polymer (Scheme 12e).
Peripheral functionality
The arm-first approach allows for the facile production of CCS polymers with peripheral functionality through the application of functional initiators for the preparation of the arms (MIs). For example, Zhang et al. synthesised a range of peripherally functionalised CCS polymers from a-functionalised P t BA MIs via ATRP (Cu) , which, in turn, were prepared from the corresponding alkylbromide initiators 19-24 (Fig. 6) [62] . Similarly, Baek et al. prepared a series of peripherally functionalised stars via ATRP (Ru) , using amine, amide, ester and hydroxyl functionalised initiators 25-29 (Fig. 6 ) [47] , although the polymerisation was found to be sensitive to the type of additive employed. When tri-n-butylamine was used as an additive for the one-pot polymerisation of MMA using initiators 25-28, followed by the addition of EGDMA (added after MMA conversion reached 90%), the reaction proceeded smoothly with the formation of CCS polymers in good yields (75-91%) and with M w values ranging between 346 and 1090 kDa. In comparison, when aluminium triisopropoxide was used as the additive under identical reaction conditions and using PMMA MIs prepared from the initiators 25 and 28 the resulting CCS polymer possessed broader polydispersities as a result of star-star coupling, whereas the MI derived from initiator 27 led to the formation of an insoluble gel as a result of exchange reactions between the hydroxyl end groups and the additive. The trends in molecular weight and yield of CCS polymers produced using a-functionalised PMMA prepared from the initiator 25 with different DPs and different molar ratios of EDGMA/PMMA [47] were found to be similar to those for PMMA without end-group functionality [46] . Bouilhac a-functionalised PSt MIs derived from the alkylbromide initiators 30 and 31 (Fig. 6) , respectively, using ATRP (Cu) [93] .
Hawker and co-workers employed functionalised a-hydrido alkoxyamine-based initiators 32-35 ( Fig. 7) to prepare peripherally functionalised CCS polymers via NMP [75] . Using a range of MIs derived from the alkoxyamine initiator 33, stars comprised of either PSt, PDMA or PNIPAM arms and hydroxyl peripheral functionality were prepared via the cross-linking reaction with DVB and styrene. All of the CCS polymers possessed low polydispersities (PDI 1.26) and similar M n(CC) values (67-83 kDa). Furthermore, miktoarm CCS polymers were prepared by the copolymerisation of a-hydroxyl functionalised and unfunctionalised PDMA MIs in a ratio of 1:1. The accessibility of the peripheral hydroxyl groups was demonstrated by their quantitative post-functionalisation with the chromophore, 4-pyrenebutyryl chloride, which revealed that ca. 50% of the chain ends contained hydroxyl groups, in agreement with the molar ratio of the MIs employed in the synthetic strategy. PSt arm PDVB core CCS polymers with glycoconjugated peripheral groups have been prepared via the NMP of PSt MIs derived from the TEMPO initiator 36 (Fig. 7) [94] . Calculations based upon SLS results revealed that the stars possessed 12-23 arms, which correlated exactly with the number of acetyl glucose end groups determined by specific rotation measurements. Subsequent deacetylation of the end groups afforded CCS polymers with glucose peripheral functionalities. The major limitation associated with peripherally functionalised CCS polymers synthesised from initiators such as 19-36 is that the number of end-group functionalities on the star is equal to the f. Therefore, to overcome this restriction Connal et al. [95] employed dendronised initiators and ATRP (Cu) to firstly prepare dendron-bPSt MIs, which were subsequently cross-linked using DVB to afford CCS polymers with significantly more peripheral groups than arms (Scheme 13). Dendron MIs (based upon the AB 2 -type monomer, 2,2-bis(hydroxymethyl)propionic acid) of varying generation number (1st-5th) were prepared via the divergent growth approach and used to prepare block copolymer MI with different DPs, thus enabling the effect of dendron generation and MI DP on CCS polymer structure to be systemically studied. Keeping the DP of the PSt block on the dendron-b-PSt MI relatively constant (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) whilst increasing the dendron generation number leads to a slight decrease in the f of the resulting stars. More significant was the effect observed when the dendron generation number was kept constant (5th) and the DP of the PSt block was increased from 6 to 290. When a dendron-b-PSt MI with a DP of 6 was used stars with 37 arms were formed and the f was found to decrease exponentially as the DP was increased. Surprisingly, the presence of the highly branched fifth generation dendron attached to the end of the MI appeared to have little effect upon star formation given that polymers with large f could be prepared from sterically congested MIs with very low DPs. Likewise, Bosman et al. prepared dendron functionalised CCS polymers via the NMP of alkoxyamine terminated, fourth generation, benzyl ether dendron-b-PSt MIs with DVB [75] and found that CCS polymer formation was unaffected by the presence of the bulky dendritic end groups.
Core functionality
Both acid and base core functionalised CCS polymers P6 and P7 (Scheme 14) have been prepared by Fré chet and co-workers via the NMP of alkoxyamine terminated MIs with DVB, styrene and either phenyl 4-styrenesulfonate 37 or 4-(N-(2-(4-vinylbenzyloxy)ethyl)-N-methylamino)pyridine 38, respectively [49] . Starting from a PSt MI (M w(CC) ¼ 6.7 kDa, PDI ¼ 1.07) the acid CCS polymer P6 (M w(MALLS) ¼ 260.2 kDa, PDI ¼ 1.19, f z 40) was prepared with quantitative conversion of the MI and elemental analysis revealed ca. 100 sulfonic acid residues per macromolecule, which corresponds to 3-4 acidic groups per arm. Similarly, the basic CCS polymer P7 (M w(MALLS) ¼ 640.8 kDa, PDI ¼ 1.86, f z 100) was prepared from a PNIPAM MI (M w(CC) ¼ 5.9, PDI ¼ 1.32) and determined by UV-visible spectroscopy to contain ca. 350 aminopyridine residues per macromolecule or 3-4 basic groups per arm.
Several strategies have been employed to prepare fluorescently active CCS polymers, including the introduction of a fluorophore during core formation [96] and post-functionalisation. Gao et al. adopted a MM approach in which P n BA containing an acrylate end group was copolymerised with DVB using the pyrene functionalised initiator 39 ( Fig. 8) and ATRP (Cu) [97] . After a second addition of DVB and initiator 39 the weight fraction of pyrene in the fractionated CCS polymer (M w(MALLS) ¼ 180.0 kDa, PDI ¼ 1.17, f z 31) was determined by UV-visible spectroscopy to be 0.016 g/g, which equates to ca. 80% incorporation. Similarly, amphiphilic CCS Scheme 13. Synthesis of dendron functionalised CCS polymer [95] .
Scheme 14. Synthesis of acid and base core functionalised CCS polymers via NMP [49] . polymers were prepared using PEG methyl ether methacrylate as the MM and EGDMA as the cross-linker. In this case, 74% of the pyrene initiator 39 was incorporated, which corresponded to an average of 13.5 pyrene groups per macromolecule. Spiniello et al. prepared a series of fluorescent CCS polymers with coumarin functionalised cores via the copolymerisation of DVB and the fluorescent monomer 7-[4-(trifluoromethyl)coumarin] methacrylamide 40 (Fig. 8) , using a PMMA MI and ATRP (Cu) [50] . An increase in the amount of fluorescent monomer 40 from 2.5 to 12.5 mol% relative to DVB at a constant DVB/PMMA MI molar ratio resulted in a decrease in the M w(MALLS) (274.0-91.0 kDa), the f (20-7) and yield (83-44%) of the resulting CCS polymers. The % incorporation of fluorescent monomer 40 as determined by UV-visible spectroscopy varied from 68 to 88%, which corresponded to between 6 and 12 coumarin fluorophores per macromolecule. Surprisingly, the quantum yield of the fluorescent CCS polymer was found to increase as the amount of fluorophore covalently attached to the core increased. Given that fluorescent quenching might be expected at higher fluorophore concentrations this behaviour was attributed to changes in the composition of the micro-environment of the fluorophore. Fukukawa et al. prepared fluorescent star polymers via the cycloaddition of acetylene core functionalised CCS polymers with the azide functionalised fluorescein derivative 41 [98] . Initially, an alkoxyamine functionalised PEG-b-PDMA MI was reacted with the cross-linker EGDA in the presence of DMA and a trimethylsilane (TMS) protected acetylene acrylamide via NMP. After removal of the TMS groups the resulting CCS polymer (M n(MALLS) ¼ 190.0 kDa, f z 30), complete with core isolated acetylene functionalities, was reacted with the fluorescein 41 in the presence of CuSO 4 and sodium ascorbate. GPC coupled to an online photodiode array revealed the presence of the fluorescein within the core of the CCS polymers. Glycoconjugated amphiphilic CCS polymers with either glucose or maltohexaose functionalised cores have been prepared via the NMP of TEMPO terminated PSt MI, using DVB as the cross-linker in the presence of acetylated vinylbenzyl-glucose 42 and -maltohexaose 43 derivatives (Fig. 8) [99] . An increase in the vinylbenzylsaccharide/DVB molar ratio resulted in an increase in the molecular weight of the CCS polymers, whilst the yield was found to decrease. Incorporation of the saccharides into the cores was confirmed by characteristic methine and methylene proton resonances in the 1 H NMR spectra and measurement of the specific rotations, which increased as the initial vinylbenzyl-saccharide/DVB molar ratio used in the synthesis was increased. Deacetylation of the corebound saccharides afforded amphiphilic CCS polymers that were capable of encapsulating water-soluble molecules.
Blencowe et al. prepared a series of Buckminsterfullerene C 60 core functionalised CCS polymers via ATRP (Cu) of PMMA MI and EGDMA in the presence of pristine C 60 [100] . The percentage incorporation (based upon the calculated and theoretical loadings) of the C 60 into the CCS polymer was quantified via UV-visible spectroscopic analysis and decreased as the C 60 /MI molar ratio was increased. An increase in the C 60 /MI ratio from 0.02 to 0.5 resulted in an increase in the loading of C 60 , whilst the M w , R g and the f of the CCS polymers remained relatively constant. A further increase in the ratio to 1 was found to hinder the CCS polymer formation reaction, resulting in a significant decrease in the M w , yield and loading of C 60 . Cyclic voltammetry of the C 60 CCS polymer (M w(MALLS) ¼ 372.0 kDa, PDI ¼ 1.15, f z 25) with a loading of 6.2 C 60 / star revealed three reversible one electron reductions. However, compared to pristine C 60 there was an anodic shift in the reduction potentials, which was attributed to the polar environment created by the polymer sheath of the core.
The incorporation of ligands into the cores of CCS polymers for the encapsulation of metals was investigated by Sawamoto and coworkers via ATRP (Ru) with the styrene functionalised phosphine derivative 44 (Scheme 15) [44, 101] . The addition of cross-linker and diphenyl-4-styrylphosphine 44 to PMMA MIs (added after MMA conversion had reached 90%) resulted in the formation of CCS polymers with the spontaneous encapsulation of the ruthenium polymerisation catalyst. When the cross-linker (EGDMA or BAM)/ MI molar ratio and MI DP were fixed at 10 or 100, respectively, whilst the phosphine monomer 44/MI molar ratio was increased from 1.25 to 5 the incorporation of 44 remained high (89-100%), whereas the cross-linker conversion decreased (97-85% for EGDMA, 89-67% for BAM) [44] . In addition, as the 44/PMMA molar ratio was increased the reaction time required to achieve a CCS polymer yield of >80% increased. Variation of the PMMA MI DP and cross-linker/MI molar ratio at a constant 44/MI molar ratio resulted in similar trends to those observed in the absence of the phosphine monomer 44 [46, 63] . The incorporation of ruthenium(II) into the cores of the CCS polymers was quantified by UV-visible spectroscopy and inductively coupled plasma atomic emission spectroscopy, which revealed an increase in the % incorporation relative to the amount of 44 employed in the polymer synthesis, implying that the phosphine functionalised cores was responsible for facilitating the inclusion via ligand exchange [44] . For the CCS polymer prepared using EGDMA and a 44/MI molar ratio of 5 quantitative encapsulation of the ruthenium(II) was observed.
Most recently, Sawamoto and co-workers have extended this phosphine ligand mediated encapsulation methodology to the preparation of amphiphilic and thermosensitive ruthenium bearing CCS polymers [102] . As before [44, 101] , the one-pot ATRP (Ru) of poly(poly(ethylene glycol) methacrylate (PEGMA))-b-PMMA MI in conjunction with the phosphine derivative 44 (Scheme 15) and EGDMA resulted in the efficient formation of CCS polymers with the concurrent encapsulation of the ruthenium catalyst into the hydrophobic core [102] . As with the PMMA CCS polymers [44, 101] the incorporation of ruthenium into the core of the amphiphilic stars was found to be dependent on the 44/MI molar ratio employed and was similar regardless of the arm composition, indicating that the structure of the arms does not affect the ruthenium incorporation, nor is ruthenium encapsulated as a result of complexation with the PEG arms. In a similar fashion to the linear PPEGMA MI, the ruthenium functionalised PPEGMA-b-PMMA CCS polymers displayed thermosensitive properties when 2-propanol was used as a solvent, demonstrating that the hydrophobic interior is shielded from the external environment by the PEG-based arms. Above the upper critical solution temperature of 31 C the CCS polymer was soluble, whereas below 31 C the polymer precipitated out from solution.
A novel approach for the incorporation of functional groups into the core of CCS polymers was realised by Du and Chen using miktoarm CCS polymers composed of both PSt and degradable PCL arms (Scheme 16) [81] . Hydrolysis of the PCL arms afforded PSt stars with carboxylic acid functionalised PDVB cores, as confirmed by FT-IR spectroscopic analysis. The resulting amphiphilic star polymers with core carboxylated nano-environments were subsequently employed for the fabrication of lead sulfide particles via the reaction of lead acetate with the star followed by exposure to Scheme 15. Synthesis of phosphine core functionalised CCS polymer and in situ encapsulation of ruthenium [44, 101] .
hydrogen sulphide to yield spherical lead sulfide nanoparticles having average diameters of 3 nm.
PSt arm PDVB core CCS polymers prepared via RAFT polymerisation and with trithiocarbonate core isolated functionalities were employed to stabilise gold nanoparticles [59] . Initially, aminolysis of the trithiocarbonate with 1,2-ethylenediamine yielded a thiol functionalised core, which was used to bond HAuCl 4 . Reduction of the core bound gold salt with NaBH 4 resulted in the formation of gold nanoparticles, which was accompanied by a change in colour to purple. TEM of the CCS polymer revealed dark gold particles with diameters in the range of 2-5 nm.
Properties and applications
Encapsulation
The encapsulation of hydrophilic molecules by peripheral and core glycoconjugated CCS polymers was investigated by Kakuchi and co-workers [94, 99] . CCS polymers with glucose and maltohexaose functionalised cores successfully encapsulated methyl orange as demonstrated by UV-visible spectroscopy (methyl orange/CCS polymer ¼ 11-39), which revealed that the amount of methyl orange incorporated dramatically increased as the hydrophilic saccharide component increased [99] . In comparison, the encapsulation of Rose Bengal by CCS polymers with peripheral glucose groups was less significant (Rose Bengal/CCS polymer ¼ 0.70) [94] . Circular dichroism spectroscopy revealed characteristic Cotton effects in the vicinity of the absorption band of the encapsulated small hydrophilic molecules, which indicated their incorporation into the chiral saccharide regions of the CCS polymers [94, 99] .
Baek et al. tested a range of CCS polymers with different core functionalities for their ability to act as hosts for the selective interaction with small organic guest molecules [103] (Scheme 17). The interaction of protic and aprotic aromatic molecules with PMMA CCS polymers P8-10, with cores derived from the crosslinkers, 8, 1,3-dimethacryloxypropan-2-ol and EGDMA (Fig. 3) , respectively, was monitored by 1 indicating that the amide functions within the core of P8 were responsible for the host-guest interaction. Similarly, other protic guests such as benzylamine and benzylalcohol were found to interact with P8, whereas such interactions were absent for the aprotic acetophenone, ethyl benzoate and amylbenzene, implying that the host-guest interactions observed originate from the ability of the guest to form H-bonds with the amide core of P8. This was confirmed by reactions conducted with hydrogen bond breakers such as DMF or trifluoroacetic acid, which disrupted the host-guest interaction between P8 and benzoic acid. Furthermore, benzoic acid was found to interact with CCS polymer P9 as a result of the hydroxyl functionalities within the core, whereas the ester core of P10 proved to be much less effective. Given the ability of the amide core of P8 to successfully form H-bonds with protic guests it was demonstrated that in an equimolar mixture of benzoic acid and ethyl benzoate the CCS polymer P8 selectively recognised and specifically formed interactions with only the protic guest. The hydrophilic core of P8 was also found to be capable of the liquidliquid extraction of the water-soluble dye, orange G, from an aqueous phase into an organic phase (deuterated chloroform) containing the CCS polymer. After mixing, phase separation revealed an intense red organic phase indicating the transfer of the dye (12.5% as determined from 1 H NMR), whereas in the absence of CCS polymer no transfer was observed. The P t BMA arm PEGDMA core CCS polymer (M w(MALLS) ¼ 236.0 kDa, f z 15) with core isolated chiral groups based upon 1-amino-2,3-dihydro-1H-inden-2-ol was studied for its ability to recognise and interact with one of the enantiomers of a racemic mixture of 1,1 0 -bi(2-naphthol) ((R,S)-BINOL) [104] . The molecular recognition process was followed by 1 H NMR spectroscopic analysis, which revealed, upon the addition of the chiral CCS polymer, a splitting of the phenolic proton resonances corresponding to (R,S)-BINOL, thus indicating the ability of the chiral groups within the star core to specifically interact with one enantiomer. CCS polymers with PSt-b-P(St-co-4VP) arms have been employed as supramolecular scaffolds, in which small molecules containing H-bond donors form host-guest complexes within the interior of the arms [75] . For example, the poorly toluene soluble Scheme 16. Synthesis of PSt arm PDVB core CCS polymers complete with internally compartmentalised lead sulfide nanoparticles [81] .
Scheme 17. Encapsulation of small molecules by core functionalised CCS polymers [103] .
coumarin-3-carboxylic acid could be solubilised upon the addition of the PSt-b-P(St-co-4VP) star (Scheme 18a). FT-IR measurements revealed a shift of the O-H stretching band of the carboxylic acid to lower energies confirming that H-bonding was the driving force behind the formation of molecular complexes consisting of the acid and pyridine moieties within the star. The same star has also been used to encapsulate and solubilise zinc(II) protoporphyrin IX through a combination of metal ligand and H-bonding interactions as evidenced by 1 H NMR, UV-visible and fluorescence spectroscopies. The ability of the maleimide containing star, PSt-b-P(St-comaleimide)-b-PSt arm P(DVB-co-St) core to form multiple H-bonds with the complementary guest 2,6,-bis(acetylamine)pyridine (Scheme 18b) was assessed via NMR titrations and the association constant was found to be comparable to that of a small molecule model system. FT-IR analysis revealed the appearance of a new broad absorption band at lower energies, indicative of the formation of H-bonded complexes.
Catalysis
PMMA CCS polymers with triphenyl phosphine derivatives incorporated into the core were used for the in situ encapsulation of ruthenium(II) to afford catalytically active macromolecules [101] . The CCS polymers, which possessed various loadings of ruthenium mmol Ru/g polymer) were employed for the catalytic oxidation of the alcohol, 1-phenylethanol to the ketone, acetophenone (Scheme 19). Although all of the CCS polymers induced the catalytic reaction, the activity was lower than that of RuCl 2 (PPh 3 ) 2 and was found to decrease as the loading of ruthenium increased, implying that high catalyst loading adversely affects the activity.
The application of site isolation with regards to catalytically active polymers was elegantly demonstrated by Fré chet and coworkers who conducted a series of homogeneous one-pot reaction cascade employing both acidic and basic CCS polymers [49, 105] . The isolation of the different catalytic groups to the cores of the CCS polymers suppressed mutual deactivation and enabled otherwise incompatible acid and base catalysed reactions to be conducted simultaneously. For example, in the presence of P6 and P7 (Scheme 14) the sequential acid-catalysed deprotection of 4-nitrobenzaldehyde dimethyl acetal 45 and amine-catalysed Baylis-Hillman reaction of 4-nitrobenzaldehyde 46 with methyl vinyl ketone proceeded smoothly with complete conversion of the acetal and a 65% yield of the Baylis-Hillman adduct 47 after 36 h (Scheme 20). In comparison, when either 4-(N,N-dimethylamino)pyridine (DMAP) or p-toluenesulfonic acid (PTSA) were used with P6 or P7, respectively, only slight hydrolysis of the acetal was observed, indicating that DMAP and PTSA penetrate the core of the CCS polymers and deactivate the acidic and basic groups. Surprisingly, when a linear PSt-b-poly(styrenesulfonic acid) was employed in conjunction with the basic CCS polymer P7 (or a base containing block copolymer with P6) the cascade reaction did not proceed, implying that the linear polymers can penetrate the corona of the CCS polymers. Thus, for the advantages of site isolation to be realised the catalysts must be restricted to the core of the CCS polymers.
CCS polymers with periphery located L-tyrosine based ligands were investigated as chiral auxiliaries for the catalytic alkylation of benzaldehyde with diethyl zinc [75] . In the presence of the star (0.05 mol%) quantitative formation of the enatiomeric alcohols, (R)-and (S)-1-phenylpropan-1-ol were observed with an enantiomeric excess of 71%, as compared to 18 and 77% for a peripherally substituted dendrimer analogue and low molecular PSt analogue, respectively. Whereas the CCS polymer and PSt analogue yielded similar results, the high molecular weight and branched nature of the star, would in theory, enable it to be easily recycled by the use of nanoseparation/filtration techniques.
PSt-b-P2VP CCS polymers have been employed as scaffolds for the preparation and stabilisation of palladium nanoparticles via the addition of Pd(OAc) 2 to the stars, followed by reduction of the bound palladium cations [75] . TEM analysis of the star-stabilised Pd-nanoparticles confirmed the formation of nanoparticles with diameters of 2-3 nm. The catalytic ability of the star-stabilised Pd-nanoparticles was demonstrated via the hydrogenation of cyclohexene and the Heck reaction of 1-bromo-4-nitrobenzene with n-BA. Whereas the catalytic hydrogenation proceeded with turnover frequencies comparable to other polymer stabilised Scheme 19. Catalytic oxidation of 1-phenylethanol to acetophenone using PMMA arm EGDMA core CCS polymers with core isolated ruthenium(II) [101] .
Scheme 20. Homogenous one-pot reaction cascade using both acidic and basic CCS polymers [49] .
Pd-nanoparticles, the Heck reaction (in the presence of 0.5 mol% of stars) afforded the desired trans-cinnamate in almost quantitative yield. The steric stabilisation of the nanoparticles was demonstrated by the absence of palladium black formation. It was also demonstrated by precipitation that the catalytic stars could be recycled five times without any observable loss in performance. Furthermore, the PSt corona of the star polymers, surrounding the catalytically active interior, enabled the Heck reaction to be conducted in non-polar solvents as opposed to the traditional polar amidic solvents.
PSt arm PDVB core CCS polymers with either hydroxyl or methoxy triethylene oxide peripheral groups were used to immobilise aluminic activators for the polymerisation of ethylene in the presence of the catalyst, 2,6-bis[1-2,6(diisopropylphenyl)imino]ethylpyridynyl iron dichloride [93] . The CCS polymers were initially mixed with a solution of methylaluminoxane (MAO), trimethylaluminium (TMA) or triisobutylaluminium (T i BA) in order to immobilise the aluminic activators onto the star support. The required amount of iron catalyst was then introduced and the polymerisation of ethylene was performed under 1 bar of monomer pressure. For comparison, polymerisations were also conducted in the absence of the polymer support. In addition to the type of aluminic activator employed, the ratio of the activator to catalyst was also varied to investigate their influence on the catalytic activity and on the polyethylene (PE) characteristics. When T i BA was employed as the activator the resulting PE exhibited a relatively narrow PDI in the presence and absence of the polymer support, although low catalytic activities were observed in both cases. With MAO as the activator, both unsupported and supported catalytic systems showed high activities, which were found to increase with the MAO/Fe ratio, however, examination of the bulk density and molecular weight characteristics of the PE revealed the beneficial effects of the CCS polymer support. For example, the bulk densities of PEs obtained in the absence of the polymer support ranged from 188 to 200 g L À1 , while the PEs prepared using the supported system had significantly larger values, ranging from 320 to 440 g L
À1
. When the hydroxy terminated CCS polymer was employed as the support monomodal PE was obtained, whereas the unsupported system yielded bimodal PE. Similarly, if the polymerisation was carried out in the presence of either CCS polymer support, and using TMA as the activator, the resulting PEs were monomodal and had relatively narrow PDIs (Scheme 21). The ability of the CCS polymer supports to suppress the formation of bimodal PE was attributed to the immobilisation of the aluminic activators onto the polymer, which prevents the activators from acting as transfer agents.
Dewetting
The effect of dewetting in double-layer polymer assemblies comprising of linear PMMA bottom layers and linear PSt/ PMMA arm PDVB core CCS polymer blended top layers was investigated by Spontak and co-workers [106] . The resulting double-layer polymer assemblies were annealed at 180 C and the dewetting process was monitored using time-resolved optical microscopy. When only PSt was used as the top layer the films spontaneously dewetted upon annealing to produce holes, with rims that contain dewetted material and that grow with time and eventually merge with neighbouring holes. In comparison, PSt blends containing 3 and 20 wt% of CCS polymer were found to dewet at a relatively slower rate, which was attributed to the migration of the stars to the PSt/ PMMA interface where they act as surfactants, reducing the incompatibility between the two immiscible homopolymers. The topology of the PSt/PMMA interface for dewetted assemblies was analysed by AFM after selective removal of the PSt layer. Where holes had formed in the PSt blended (20 wt% CCS polymer) layer as a result of dewetting after 30 min the surface of the PMMA was rough with large CCS polymer aggregates, measuring on the order of 400-600 nm. In comparison, the interfacial area which remained in contact with the PSt/CCS polymer blend remained smooth. At longer annealing times the interfacial area that was present under these PSt/CCS polymer blend islands also underwent surface roughening to the extent that the areas under the islands and from the hole floors were indistinguishable. As a result of the high grafting density of arms on the CCS polymers and relatively high molecular weight of the PMMA substrate, an autophobic effect was observed, which prevents the CCS polymers at the PS/PMMA interface from sinking into the PMMA layer. Rather, the CCS polymers at the PSt/PMMA interface interact with one another via interpenetration of the arms, thus promoting the formation of aggregates as observed by AFM. The autophobicity-driven surface segregation and patterning of CCS polymers have subsequently been further elaborated upon to afford controllably patterned and reversibly switched substrates [107] .
Porous honeycomb assemblies
The first application of CCS polymers for the production of ordered honeycomb films was reported by Lord et al. [14] . Using optimised conditions a CCS polymer (M w(CC) ¼ 49.9 kDa, PDI ¼ 6.30) was prepared by RAFT polymerisation of a dithiobenzoate terminated PSt MI with DVB in the presence of AIBN and samples were removed at various time intervals over a period of 48 h to assess their ability to form honeycomb structures. Scanning electron microscopy (SEM) images of the resulting films revealed that all of the polymers obtained at different reaction times with M w(CC) values ranging from 2.6 to 49.9 kDa formed porous films, although the pore size and distributions were found to vary considerably. For example, as the M w increased up to 24.5 kDa there was a decrease in the average pore diameter, whereas further increases in M w led to a large increase in pore diameter. Determination of Gini coefficient showed an inverted U-shape trend for the equality of pore size distribution with increasing M w . Hence, material isolated at short and long reaction times produced films with favourable pore size equality, whereas those from intermediate times produced unfavourable conditions for equality between pore sizes. Complementary to this quantified virtual light scattering analysis revealed that the porous films constructed from material isolated at short and long reaction times produced good quality films in comparison to material isolated at intermediate times, although none of the films showed evidence of repeating angular alignment. These results indicated that the quality of the film is affected by the ratio of linear to CCS polymer components in the casting solution and that when a predominance of one component exits favourable conditions for honeycomb film formation are generated.
The purity, molecular weight and the f of PMMA arm EGDMA core CCS polymers were found to play important roles in controlling the pore diameter and quality of honeycomb films prepared via the breath-figure technique [108] . SEM images of the films cast from Scheme 21. Iron(II) catalysed polymerisation of ethylene using TMA immobilised on a PSt arm PDVB core CCS polymer support as an activator [93] . pure CCS polymer, isolated from fractionation of the crude polymerisation mixture (consisting of star and unconverted low molecular weight material), revealed a regular honeycomb structure with pore sizes and spacing consistent with the unfractionated sample, however, a higher degree of cracking was observed for the fractionated sample. It is well established that the relative humidity and flow rate of humid air used during the breath-figure film forming process have a significant effect on the honeycomb pore diameters, therefore these variables were kept constant to enable the effect of CCS polymer structure to be studied. Two series of CCS polymers with arm M w values of 10 and 20 kDa and various overall M w values and f were examined. For both series the average pore diameter decreased as the star M w and the f were increased, with a larger dependence being observed for the 20 kDa arm series. The observed decreasing trend in pore size was attributed to the precipitation rate of the polymers, which was proposed to increase as a result of the increasing density (or the f) of the CCS polymers with M w , given the relatively constant R g values.
Connal et al. studied the effect of CCS polymer glass transition temperature (T g ) on the self-assembly of honeycomb films on planar and non-planar substrates [109, 110] . CCS polymers comprised of PDMS, PEA, PMA, P t BA or PMMA arms, with T g values varying from À123 to 100 C, were initially assessed for their ability to form porous honeycomb films on glass substrates via the breath-figure technique. SEM images of the resulting films revealed that all the CCS polymers formed honeycomb structures, although those with PEA and P t BA arms formed slightly irregular patterns, whereas those with PMMA arms displayed regions of high order in addition to a high level of cracking throughout the film (Fig. 9a) . The importance of the CCS polymer structure for the successful formation of honeycomb films was highlighted by the inability of the linear analogues of the star arms to form stable films. For example, linear PDMS, PEA, PMA and P t BA either formed featureless transparent films or films with extremely disordered pores, which lost their features with time. Secondly, the stars were tested for their ability to form honeycomb structures on nonplanar TEM grids placed on top of glass substrates. Whereas the PDMS, PEA, PMA and P t BA CCS polymers formed porous honeycomb films that conformed to the non-planar TEM grid, the PMMA star did not contour to the grid and displayed a porous structure with extensive cracking. Of the CCS polymers that formed hierarchically ordered and porous films, those with PMA arms produced the most desirable structure, conforming to the TEM grid without the loss of underlying topography as a result of polymer relaxation (Fig. 9b) . In addition, ordered honeycomb structures prepared on hexagonal and square TEM grids with various mesh sizes, using a PDMS star, were employed as softlithography templates to produce negative images by replica moulding [111] . The suitability of the PDMS star was further demonstrated through its ability to form honeycomb structures on inorganic particulate surfaces, including silica, glass micro-beads, kaolin, sodium chloride and sugar crystals [112] (Fig. 9c) . In all cases the polymer successfully formed ordered porous films which contoured to the surface of the particles, regardless of its surface morphology. Furthermore, when honeycomb films were cast onto water-soluble particles it was found that the particles/templates could be removed by dissolution to afford micro-porous structures or porous pockets (Fig. 9d) , thus demonstrating the flexibility of the regular porous films.
Rheological properties
The rheological behaviour of PMMA arm EGDMA core CCS polymer (M w(UC) ¼ 505.3 kDa, PDI ¼ 1.10, f z 31) solutions was examined initially via cone-and-plate rheometry [113] . Determination of the zero-shear viscosities (h 0 ) of different wt% solutions in xylene revealed an exponential increase as the concentration was increased from 30 to 60 wt%. The rheological properties of 80% charged PAA arm PDVB core CCS polymers were investigated in aqueous solutions at polymer concentrations of 4.7, 8.0 and 9.4 wt% via cone-and-plate rheometry [28] . Whereas 4.7 wt% polymer solutions were largely Newtonian in nature, higher wt% solutions were non-Newtonian and the 9.4 wt% solution possessed a yield stress of 190 Pa indicating the presence of solidlike structures. The viscoelastic behaviour of the CCS polymer solutions was determined by examination of the frequency dependence of the storage (G 0 ) and loss moduli (G 00 ). For the 4.7 wt% polymer solution, G 0 and G 00 exhibited typical behaviour for viscoelastic fluids. In comparison, for the 8.0 wt% polymer solution a crossover of G 0 and G 00 was observed at a critical frequency, above which the system behaved as a solid. For the 9.4 wt% polymer solution, G 0 had a larger modulus than G 00 across the frequency range studied. From these results it was concluded that the structural transition from a Maxwellian fluid of a weak liquid ordering structure to a macrolattice structure is by way of a sol-gel transition. Furthermore, the effective interaction between two star polyelectrolytes was compared with Lowen's prediction. This effective interaction, together with the G 0 , was found to diverge at lower f eff values for polymers with greater f.
Goh et al. [91] studied the influence of star polymer (M w(CCS) ) and arm (M w(arm) ) molecular weight on the rheological properties of two series of PMMA arm PEGDMA core CCS polymers: one with CCS polymers of equal M w(arm) and various M w(CCS) (P11-P15) and the other with equal M w(CCS) and different M w(arm) (P12, P16 and P17). By plotting the relative viscosity data for the CCS polymers normalised with the particle hydrodynamic volume it was observed that the CCS polymers, like other star polymers, displayed a 'molecular softness' characteristic ( Fig. 10) , where the interpenetration and deformation of the 'soft' corona led to deviation from hard sphere behaviour and allowed higher effective volume fractions to be achieved. Stars P12, P16 and P17 with equal M w(CCS) displayed increasing molecular softness due to increasing M w(arm) , whereas stars P11-P15 with equivalent M w(arm) displayed similar molecular softness regardless of the f or M w(CCS) . This latter phenomenon is unique to CCS polymers as other star polymers, such as chlorosilane-core stars or stars prepared via the core-first approach [114] , display a strong variation of molecular softness with f. It was proposed that the different trends observed for the CCS polymers and star polymers resulted from the different core structures of the macromolecules, which in turn, can be attributed to the mechanisms of star formation via the arm-first and core-first synthetic approaches [91] .
For the CCS polymer series P11-P15 (M w(MALLS) ¼ 250-5400 kDa, f ¼ 17-360) the core molecular weight increased comparatively with the M w(CCS) ; thus the percentage contribution of the core (w25%) to the M w(CCS) remained relatively constant. Therefore, as f increases the size of the core also increases; thus, the segmental density remains relatively constant and the molecular softness for these CCS polymers is comparable. In contrast, star polymers with discrete, molecular cores display a strong relationship between molecular softness and f. This is due to the different arm conformations adopted depending on the degree of arm crowding. Low f star polymers have arms with approximately random coil conformations, but increasing f leads to crowding in close proximity to the core and the polymeric arms acquire a more stretched conformation. Ultimately, high f star polymers have rigid coronas consisting of highly stretched polymeric arms which display very little molecular softness; they behave like hard spheres.
Thermal properties
In general, CCS polymers display T g values that correspond to the arms and are similar to linear polymers of the same composition. As one might expect from a cross-linked network, the core of CCS polymers display no T g values as a result of their rigid structure and lack of mobility. For example, differential scanning calorimetry of CCS polymers comprised of PDMS, PEA, PMA, P t BA or PMMA arms displayed single T g values (À123, À30, 2, 48 and 100 C, respectively) [109] , which were in accordance with literature values for the corresponding linear analogues of the arms. Similarly, the T g of a PMMA arm PDVB core CCS polymer was reported to be comparable with that of a linear analogue of the arms [115] . In neither case were transitions observed for the core. The thermal degradation of a PMMA arm PDVB core CCS polymer was investigated by Goh et al. using thermal gravimetric analysis [115] . Two major degradation events were observed at 405 and 460 C and were attributed to PMMA random chain scission and PDVB degradation, respectively.
Polymer therapeutics
Highly branched macromolecular architectures including star polymers and dendrimers have attracted significant attention due to their potential in polymer therapeutics [116, 117] and in particular, drug delivery [118] . For example, amphiphilic dendrimers with hydrophobic interiors and hydrophilic coronas have the capacity to accommodate hydrophobic drugs within their interior, providing a means to transport the payload through aqueous media to the desired physiological target [119] . The capacity of these macromolecules to solubilise hydrophobic drugs, target specific physiological sites and control the rate of drug release has enabled the development of drug delivery systems that can reduce dosage requirements through the targeted and controlled delivery of the payload to the desired site [116] . Given the core-shell type morphology and ease of functionalisation it is evident that CCS polymers have great potential in drug delivery and other therapeutic applications. However, to date very few studies have exploited CCS polymers for such applications [120] . Some preliminary studies have been focused on the development of degradable CCS polymers with the potential to control the rate of drug release relative to the degradation rate [16, 80, 84, 121] .
The biodistribution and PET imaging of PEG-b-P(DMA-co-DOTA) arm P(DMA-co-DVB) core and PEG-b-P(DMA-co-DOTA) arm P(DMA- co-EGDA) core CCS polymers (Fig. 11) , labelled with the radioactive medium lived positron emitter 64 Cu (5-10 mCi/mg star), were investigated by Hawker and co-workers in vivo [76] . Given that the major drawback with polymer therapeutics and nanoparticles is their fast elimination from the blood stream due to particle separation by the mononuclear phagocytic system (MPS), the DOTA inner-shell functionalised star polymers were examined for their in vivo blood retention and accumulation in the major MPS organs (liver and spleen) of rats. The blood retention and MPS uptake were found to be highly dependent on the DP of the PEG outer shell of the star polymers. For example, CCS polymers with 5 kDa PEG outer shells were still present 48 h after intravenous injections, whereas stars with 2 kDa PEG outer shell had completely cleared the system. In comparison, the CCS polymer size and core composition had negligible effect on the blood retention time, but a noticeable effect on the hepatic and splenic uptake, with smaller CCS polymers (M w(MALLS) ¼ 201.0 kDa, f z 12, D h ¼ 33.7 nm) or those with P(DMA-co-EGDA) cores accumulating slower than the larger ones (M w(MALLS) ¼ 456.0 kDa, f z 10, D h ¼ 70.4 nm) or those with P(DMA-co-DVB) cores. To determine the application of the CCS polymers for imaging of the circulatory system mice were administered with both the precursor 64 Cu-labelled block copolymer MIs and the corresponding star polymers and imaged by microPET Focus at selected times (1, 4 and 24 h), post-injection. The heart and major blood vessels of the mice injected with the CCS polymers were clearly visible at each time point, although the heart standardised uptake value decreased faster for the stars with 2 kDa PEG outer shell, confirming its faster blood clearance. The accumulation of CCS polymer in the MPS organs was also confirmed, with the liver being the most noticeable organ, especially at 4 and 24 h after administration. In comparison, the block copolymer arms displayed insignificant accumulation in the liver, heart and blood vessels, instead the kidney and bladder were the only visible organs due to fast urinary excretion.
Polyelectrolytes
Connal et al. synthesised a polyelectrolyte PAA arm PDVB core CCS polymer (M w(MALLS) ¼ 270.0 kDa, PDI ¼ 1.09, f z 32) via the acid hydrolysis of the corresponding P t BA arm PDVB core CCS polymer (M w(MALLS) ¼ 397.0 kDa, PDI ¼ 1.12), previously prepared via ATRP (Cu) [122] . Acid-base titrations revealed that more than 90% of the t-butyl groups were successfully cleaved, which agreed well with the reduction in M w observed from GPC analysis. The activity coefficient (a) and hence the degree of ionisation were calculated by pH titration experiments and the pK a,app of the PAA CCS polymer was determined to be 6.5. In comparison, the pK a,app value of linear PAA was reported to be 5.8. The observed disparity [123] results from the higher osmotic pressure inside the CCS polymer, which causes a partial reversal of ionisation, where there are less charged ions in the confined regions of the star. Subsequently, the D h of the PAA CCS polymers at different degrees of ionisation was analysed via DLS. Starting from a star polymer solution at pH 11, the pH was gradually adjusted to 2 and then back again. At the initial high pH the acid groups were completely charged and as a result, the PAA arms are extended leading to a maximum in D h (32 nm) of the CCS polymer. A decrease in the pH to 2 was accompanied by a decrease in the D h to 23 nm, which was attributed to the coiled conformation of the PAA arms due to a decrease in the degree of ionisation. As the pH was increased again the D h also increased, however, the maximum observed value was 27 nm. The difference in this value and the initial D h results from the increase in salt concentration as the pH is changed, which causes screening of the charges on the PAA CCS polymer. Similarly, Furukawa and Ishizu prepared polyelectrolyte PAA arm PDVB core [28] and PMAA arm PEGDMA core [124] CCS polymers from t-butyl derivatives and investigated their conformation as a function of pH and ionic strength. DLS analysis of dilute solutions of PAA and PMAA CCS polymers revealed that, like their t-butyl precursors, the translational diffusion coefficient (D(c)) as a function of polymer concentration remained relatively constant, implying that the majority of counterions are located within the star and aggregation as a result of the polyelectrolyte effect of interchain interaction is negligible. The dependence of the D h of PMAA CCS polymers (pK a ¼ 6.6) was investigated as a function of the degree of ionisation, brought about by a change in pH [124] . It was determined that the D h increases with increasing pH from 18.3 to 48.3 nm as a result of the osmotic pressure exerted by the counterions trapped within the arms (Scheme 22). Furthermore, the dependence of the D h on the ionic strength of the solution was studied via the addition of NaCl. At low salt concentrations (10 The large decrease in D h at high salt concentrations was attributed to the contribution of both co-ions and counterions to participate in intramolecular screening, whereas at low salt concentrations, the screening is dominated by counterions [124] . More recently, polyelectrolytic CCS polymers have been employed in pH-switchable complexation with cationic block polyelectrolytes [125] and as pH-responsive nanoparticles [126] . In addition, there has also been the presentation of new scaling theories for solutions of star polyelectrolytes [127] , which distinguish between two cases of counterion distribution around the arms and describe differences in the structure of the stars in the presence and absence of counterions condensed on the arms.
Multi-layer absorbed films
Polyelectrolyte CCS polymers have been employed in combination with linear poly(allylamine hydrochloride) (PAH) to produce pH-responsive multi-layer films [122] . Thin films were fabricated via the layer-by-layer deposition approach, in which alternating Fig. 11 . Structure of PEG-b-P(DMA-co-DOTA) CCS polymers labelled with the radioactive medium lived positron emitter 64 Cu [76] .
Scheme 22. Dependence of the D h of PMAA arm PEGDMA core CCS polymers as a function of the degree of ionisation, brought about by a change in pH [124] .
adsorption of PAA CCS polymers and linear PAH was achieved through dip-coating at pH 7.5. The assembling process was followed by quartz crystal microbalance (QCM) measurements, which provide a value of 91 nm for the thickness of the film after 16 layers had been deposited. Furthermore, the QCM measurements revealed an exponential multi-layer growth profile, which was hypothesised to result from diffusion of the PAH chains, as diffusion of the PAA star was unlikely given its high molecular weight and globular structure. Subsequently, the pH-dependent surface morphology of a 17-layer PAA CCS polymer/PAH film assembled at pH 3.5/pH 7.5 and with the star as the outmost layer was examined by AFM. The film thickness as determined by AFM was 60 nm and exhibited a rough and porous surface. The film was then exposed to either pH 2 or pH 11 aqueous solutions. Fourier transform infrared (FT-IR) spectroscopic analysis of the films after treatment at pH 2 or pH 11 enabled determination of the proportion of protonated carboxylic acid groups (w85%) or ionised carboxylic acid groups (w85%), respectively. AFM images of the film after treatment at pH 2 revealed a phase separation-induced 'wormlike' surface structure comprised of grain domains, which was attributed to the highly coiled conformation of the PAA arms. In comparison, images of the film after treatment at pH 11 revealed a relatively smoother surface structure due to the extended conformation of the arms. To investigate the reversibility of the morphology transitions, the films were further exposed to the opposite pH conditions to which they had been exposed prior. Images of the film initially treated at pH 2 and subsequently exposed to pH 11 revealed that the wormlike surface was maintained whilst the grain domains became smooth. Images of the film initially treated at pH 11 and subsequently exposed to pH 2 were very similar to the film solely treated at pH 2, thus demonstrating the reversible pH behaviour of the film.
Summary
Given the significant body of work that has been conducted into CCS polymers it is evident that this is a very active area of polymer research, encompassing not just synthetic chemistry, but also the disciplines of physical chemistry, materials science and polymer therapeutics. Over the past decade considerable effort has been expended to optimise the controlled radical synthetic protocols required for the preparation of well-defined CCS polymers; thus laying the foundation for future advances and the development of increasingly more complex and sophisticated polymeric materials. It is only recently that the application of such intricate and functionally diverse CCS polymer architectures has started to be realised and it is foreseeable that in the not to distant future CCS polymers will play a major role in many advanced materials and technologies.
